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Attention: Mail Stop Appeal Brief-Patents 

Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

Dear Sir, 

Appellants file this Supplemental Appeal Brief in response to the Notification of Non- 
Compliant Appeal Brief dated September 20, 2005. The Notification indicated that 
appellants' Brief was non-compliant because: 1) the references cited on pages 8 and 9 of the 
Brief were not timely filed; 2) the evidence appendix did not contain every piece of evidence 
relied upon in the Brief; and 3) the Brief did not contain copies of the evidence cited on pages 
8 and 9 of the Brief. 

The Supplemental Appeal Brief deletes the references on pages 8 and 9 of the Brief 
and provides an Evidence Appendix that contains every piece of evidence relied upon in the 
Brief, along with a statement setting forth where in the record that evidence was entered in the 
record by the examiner. Appellants submit that this Supplemental Appeal Brief complies 
with 37 C.F.R. §§ 41.33 and 41.37. 

Appellants hereby appeal from the final Office Action Mailed December 16, 2004, 
rejecting all claims under examination in this application. This paper constitutes appellants' 
Appeal Brief, as required under 37 CFR § 41.37. 
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I Real Party in Interest 

The real party in interest for the claimed invention is Geron Corporation, a Delaware 
corporation, to which the application and the claimed invention has been assigned in their 
entirety. 

II. Related Appeals and Interferences 

No other appeals or interferences are known by appellants or their representative that 
would directly affect or be directly affected by or have a bearing on the Board's decision in 
this appeal. 

III. Status of claims 



Claims 1-6: 


Under examination: 


Rejected under § 101 and § 112 U 1 


Claim 7: 


Withdrawn 




Claims 8-12: 


Cancelled 




Claims 13-16: 


Under examination: 


Rejected under § 112^1 


Claim 17: 


Withdrawn 




Claims 18-21: 


Cancelled 




Claim 22: 


Withdrawn 




Claims 23-26: 


Cancelled 




Claims 27-32: 


Withdrawn 




Claims 33-37: 


Under examination: 


Rejected under § 101 and § 112 If 1 
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IV. Status of amendments 

All amendments to the claims have been entered. No amendments were filed after the 
last final Office Action. 

'i 

V. Summary of Claimed Subject Matter 

The claimed invention provides ovine cells, tissues, and animals that have been 
engineered for reduction or elimination of the carbohydrate epitope Galo(l,3)Gal, which 
ovine cells normally express. This epitope is important because it is a foreign antigen against 
which humans have naturally occurring antibody. Upon transplant of tissue bearing this 
epitope into an animal with naturally occurring antibody causes immediate hyperacute 
rejection. The idea is that elimination of Galo(l,3)Gal from the tissue will help render it more 
suitable for use in human transplantation therapy. 

The epitope is produced by the enzyme o(l,3)galactosyltransferase (EC 2.4.1.124; 
abbreviated herein as "cd,3GT"), which adds galactose at the a(l,3) position to membrane- 
anchored Galp(l,4)GlcNAc acceptor substance. Inactivation of the 
a(l,3)galactosyltransferase locus at both of the two alleles (a homozygous knockout) 
eliminates the enzyme from the cell, which in turn prevents the Galo(l,3)Gal epitope from 
being formed. 

The invention is made possible by the discovery and isolation of the sheep 
o(l,3)galactosyltransferase (al,3GT) gene and its genomic clone. The sequence of the gene 
is provided in the application (Example 1), and clones are deposited with the NCIMB in the 
United Kingdom in support of this application (page 51). 

The specification illustrates how the al,3GT sequences can be used to create targeting 
vectors (Example 3), which can then be used to inactivate the al,3GT gene in isolated sheep 
fibroblasts from different strains (Examples 4 and 5). Heterozygous (single knockout) 
animals had been created from the targeted cells by the time the application was filed 
(Example 6), according to standard techniques in the field of animal cloning. Homozygous 
knockout animals can be made by using a double knockout cell in the cloning process, or by 
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cross-breeding heterozygous knockout animals (pages 37-41). The cells and tissue made 
during the course of this work are then characterized (pages 41-43) to verify that they have 
the characteristics of the claimed invention — either at the genetic level (inactivation of the 
cd,3GT gene) or at the phenotypic level (reduced expression of the Galo(l ,3)Gal epitope). 

VI. Grounds of rejection to be reviewed on appeal 

Claims 1-6, 13-16, and 33-37 stand rejected under the enablement requirement of 
35 USC § 1 12 1. The basis of this rejection is essentially that the specification fails to 
provide a working example of a homozygous al,3GT knockout adult sheep (even though 
some of the claims refer only to isolated tissues or cells, such as could be created in culture). 

The specification provides the sheep al,3GT gene sequence for the first time, which 
enables the reader to make cd,3GT knockout cells, tissues, and animals according to standard 
methods used in other species. The standard methods needed for the reader to carry out the 
full scope of the claimed invention are referenced in the specification. Nevertheless, the 
Examiner has maintained that the specification is not enabling without a working example 
because the relevant art is too unpredictable. 

Claim 16 also stands rejected under the enablement requirement of § 1 12 ^ 1 on the 
assertion that the al,3GT knockout tissue of the invention does not solve all the problem of 
xenotransplantation. 

Claims 1-6 and 33-37 stand rejected under 35 USC § 101 as having no credible utility. 
The basis of this rejection is essentially that the claimed invention is not enabled, and so 
cannot have any utility. 

History of the application 

The claims under examination were initially rejected for not having a working 
example under the written description requirement of § 1 12 If 1. Appellants appealed on June 
4, 2003. The application was pulled back into regular prosecution on January 30, 2004, so 
that the Examiner could make essentially the same rejection under the enablement 
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requirement of § 1 1 2 If 1 , and the utility requirement of § 1 01 . The written description 
rejection has been withdrawn. 

VII. Argument 

This application provides the sequence for the sheep o(l,3)galactosyltransferase 
("cri,3GT") gene, which was cloned and characterized for the purpose of making cd,3GT 
sheep. al,3GT knockout mice had already been produced in other labs, and efforts to make 
cd,3GT pigs were already under way. Using genetically modified stem cells (the technique 
used to make the mice) is not amenable to making knockout sheep — but nuclear transfer 
cloning in sheep was a well established technology at the time of filing, and has been used 
since by several labs to make cd ,3GT knockout pigs. 

The sheep sequence is the latchkey that enables knockout sheep to be made in the 
same fashion as other animals. This is the kernel of the inventive aspects of this disclosure, 
and places into the hands of the public the entire scope of the claimed invention by using 
standard technology. 

The Examiner has taken the position that none of the claims of this invention can be 
enabled without a working example of a homozygous cd,3GT knockout adult sheep (even 
though some of the claims refer only to isolated tissues or cells, such as could be created in 
culture). In support of this position, the Examiner has selectively interpreted published 
academic articles to indicate that animal cloning is a difficult and unpredictable field. 

Appellants do not deny that cloning is both time-consuming and expensive. However, 
neither of these aspects imply that completion of the project would require undue 
experimentation defined by In re Wands, 8 USPQ2d 1400 (Fed. Cir. 1988). In fact, Geron 
decided to stop funding of this project part way through because of the costs involved. 
Preliminary results of the project (cloned cd,3GT knockout fetuses) were then published in an 
academic journal (Denning et al., Nat. Biotechnol 19:559, 2001) — not as evidence of failure, 
but to demonstrate the progress made. Appellants have no doubt that the making of al,3GT 
knockout sheep can be completed as described in the application as a matter of routine 
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experimentation when the project is resumed. Naturally, the delay in obtaining a patent for 
this invention is not helpful in obtaining the financial support of another backer. 

It is appellants' position that rejection of the claimed invention under 35 USC §§101 
and 1 12 1 1 for lack of working examples of all embodiments of the invention is improper. 

An instructive parallel can be drawn from the patentability requirement for claims 
covering human treatment, and the manufacture of pharmaceutical products for human use. 
The courts and the Office have long recognized that an applicant does not need to have a 
working example of the treatment in a human subject in order for the invention to be 
patentable. 

FDA approval, however, is not a prerequisite for finding a compound useful within the 
meaning of patent laws. Scott [v. Finney], 32 USPQ2d 1115. Usefulness in patent 
law, and in particular in the context of pharmaceutical inventions, necessarily induces 
the expectation of further research and development. The stage at which an invention 
in this field becomes useful is well before it is ready to be administered to humans. 
Were we to require Phase II testing in order to prove utility, the associated costs would 
prevent promising new inventions, thereby eliminating an incentive to pursue, through 
research and development, potential cures in many crucial areas such as the treatment 
of cancer. In re Brana, 34 USPQ2d 1436 (Fed. Cir. 1995). 

Similarly, appellants for the invention claimed here should not be denied patent 
coverage, just because a homozygous knockout sheep was not obtained before the application 
was filed. Again, were the patent office require a full working example of the entire scope of 
this type of invention in order to prove utility and enablement, the associated costs would 
eliminate an important incentive to create products for use in regenerative medicine and tissue 
transplantation. 

Appellants should not be penalized for disclosing their invention before they 
completed reduction to practice of all the embodiments. To the contrary: an objective of the 
patent law is to disseminate advances in the art and thereby provide a public benefit as soon as 
possible. The inventors of the claimed invention fully entered into the spirit of the public 
policy objective by filing their patent disclosure soon after critical elements of the invention 
had been made (isolation and characterization of the sheep cd,3GT gene). They knew full 
well that this places the invention in the hands of the public through the implementation of 
standard cloning technology. 
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For these reasons, appellants respectfully submit that the claimed invention meets all 
the patentability requirements of 35 USC §§ 101 and 1 12. 

The following remarks address in more detail the arguments made during prosecution. 

Rejections under 35 USC S 1 12 If 1 

Claims 1-6, 13-16 and 33-37 stand rejected under the enablement requirement of 
§ 1 12 If . The central issue appears to be the fact that the specification does not indicate that a 
homozygous cd ,3GT knockout sheep actually having been made. 

Of course, the Board will recognize that there is no legal requirement that an actual 
working example be provided in the specification in order for a patent disclosure to be 
enabling. 

It is well established in the law that a specification can adequately describe the manner 
and process of making an embodiment of an invention, whether or not it has actually 
been conducted. Use of prophetic examples does not make a patent non-enabling. 
The burden is on the person challenging the patent to show . . . that the prophetic 
examples together with other parts of the specification are not enabling. Atlas Powder 
Co. v. EJ. du Pont de Nemours & Co., 224 USPQ 409 (Fed. Cir. 1984). 

Nothing more than objective enablement is required, and therefore it is irrelevant 
whether this teaching is provided though broad terminology or illustrative examples. 
In re Wright, 27 USPQ2d 1510 (Fed. Cir. 1993). 

It is appellants' position that the claims are fully described and enabled, inter alia because the 
only elements missing from the working examples can be achieved as a matter of routine 
experimentation by the skilled reader. 

Specifically, the description provides the newly discovered nucleotide sequence of the 
sheep cri,3GT cDNA (SEQ. ID NO:l) and the al,3GT gene (SEQ. ID NOs:14 to 25). This is 
supported by a biological deposit (NCIMB Accession No. 41056) comprising cloned genomic 
DNA. Example 3 illustrates how the al,3GT sequences can be used to create targeting 
vectors, which can then be used to inactivate the al,3GT gene in isolated sheep fibroblasts 
from different strains (Examples 4 and 5). Heterozygous (single knockout) fetal sheep were 
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created from the targeted cells by the time the application was filed (Example 6), according to 
standard techniques in the field of animal cloning. 

Homozygous knockout animals can be made by using a double knockout cell in the 
cloning process, or by cross-breeding heterozygous knockout animals (pages 37-41). The 
cells and tissue made during the course of this work are then characterized (pages 41-43) to 
verify that they have the characteristics of the claimed invention — either at the genetic level 
(knockout of the al,3GT gene) or at the phenotypic level (reduced expression of the 
Gala(l,3)Gal epitope). Furthermore, the homozygous knockout cells of claims 4, 5, and 
33-37 can be made without making a homozygous knockout animal, or doing any animal 
cloning at all (page 40, line 20 to page 41, line 13). 

In requiring appellants to provide a working example of a homozygous cd,3GT 
knockout sheep, the Examiner has relied on the assertion that the area of making knockout 
animals is generally unpredictable. However, the Examiner has raised no specific technical 
issue why the making of a knockout sheep should pose special technical difficulties — 
difficulties that were not experienced in making al,3GT knockouts in two other animal 
species. 

Accordingly, the Office has not met its burden of establishing a prima facie case for 
non-patentability under 35 USC § 1 12 If 1. 

Nevertheless, in responding to the Office Actions, appellants have explained how it is 
possible to make a homozygous al,3GT knockout sheep without undue experimentation, and 
why the phenotype is predictable. 

1. Sheep cells having an inactivated al ,3 GT allele can readily be produced. 

One embodiment of the invention disclosed in this application are sheep cells in which 
the al,3GT gene has been inactivated. This is claimed directly in claim 4 and claims 33-37. 
As explained in the specification, al,3GT knockout cells can also serve as nuclear donors for 
the making of knockout animals by nuclear transfer (animal cloning). 

The application newly provides the sheep cd,3GT gene, and describes and illustrates 
how to make targeting constructs for the purposes of creating cd,3GT knockout cells. 
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Methods for using gene sequences to inactivate the corresponding gene in living cells are 
described extensively in the art. 

Figures 9-15 in the application provide illustrations of targeting constructs based on 
the cri,3GT sequence that will inactivate the cd,3GT gene by removing exon sequences. 
Figure 16 illustrates the successful targeting and deletion of Exon 4, using the p0054 vector 1 . 
In Example 5, similar targeting was demonstrated using the same constructs on a different 
sheep strain cell line 2 . 

Thus, the skilled reader may use the constructs provided in the working examples, or 
design their own knockout strategy, by applying the sheep al,3GT sequence using standard 
procedures in order to make the knockout cells of the invention. 



1 The Office Action of May 21, 2002 (page 7) indicates concern that the specification provides no direct 
evidence for successful targeting of Exons 8 and 9. Nevertheless, targeting Exons 8 and 9 should be achievable 
without undue experimentation. In any event, it is not necessary to target Exons 8 and 9 to practice the claimed 
invention. It is only necessary to eliminate the translation start or remove enough of the gene to prevent the gene 
product from being functional. The targeting of Exon 4 (as effected in the working examples), or some other 
portion of the gene, or various portions in combination will be sufficient for the purpose of inactivating the 
cd,3GT gene in a sheep cell The enablement requirement is met if the description enables any mode of making 
and using the claimed invention. Engel Industries, Inc. v. Lockformer Co., 20 USPQ2d 1300 (Fed. Cir. 1991), 
emphasis added. 

The Office Action of November 23, 2001 (page 8) says that the specification is enabled for homozygous 
inactivation of the al,3GT gene in the Finn Dorset strain of sheep, but not in other strains. It is recognized in the 
art of homologous recombination that a mismatch of about 1% (i.e., identity of about 99%) is well tolerated 
when using targeting constructs to cause gene inactivation. The difference between strains of the same 
mammalian species typically falls within this range. The al,3GT sequence and targeting constructs used in the 
working examples were obtained from Black Welsh Mountain fibroblasts (Example 1). They have been used to 
successfully inactivate the al,3GT gene in both Black Welsh Mountain sheep cells (Example 4), and Finn Dorset 
sheep cells (Example 5). This confirms that the claimed invention is enabled for different strains within the 
ovine species. 
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2. Sheep cells that are homozygousfy inactivated at the cd,3GT locus can readily be 
produced 

Inactivating a single cd,3GT gene in a cell creates a heterozygous knockout. In order 
to prevent expression of the Gala(l,3)Gal epitope on the cell surface, both al,3GT alleles 
must be inactivated (a homozygous knockout). As described in the specification, 
homozygous cd,3GT knockout cells according to claims 4 and 33-37 can be made using 
cultured cells, or by harvesting cells from a homozygous knockout animal. 

An extensive description of how to make cd,3GT homozygous knockout cells in 
culture is provided in the specification beginning on page 40, line 20. Several techniques are 
explained, including sequential targeting of the two alleles by any one of these methods: 

• Using a step-wise increase in antibiotic concentration to knock out both alleles 
(page 40, lines 24-27, citing U.S. Patent 5,589,369) 

• Using two different antibiotics to sequentially knockout each allele (page 40, line 
27 to page 41, line 4, referring to targeting constructs shown in Figures 9 and 11) 

• Knocking out the first allele, and then retargeting and selecting homozygous 
knockout cells using an antibody that recognizes the Galo(l,3)Gal epitope (page 
41, lines 8-13) 

The claims have been rejected under 35 USC § 1 12 ^ 1 on the assertion that a cd,3GT 
knockout sheep cannot be made. Recent Office Actions refer back to publications directed 
towards animal cloning to support the contention that homozygous cd,3GT knockout cells are 
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difficult to make in culture 3 . On this basis, the Examiner indicates that the claims to knockout 
cells are not enabled 4 . Again, the Examiner is essentially requiring appellants to provide 
evidence of actual reduction to practice in order to meet the requirements of § 1 12 ^ 1 . 

U.S. Patent 5,589,369 referred to in the specification describes and claims a system for 
making homozygous knockout cells 5 . Since this is an issued patent, 35 USC § 282 requires 
that the patent be presumed valid, and therefore enabled under 35 USC § 1 12 If 1. The 
Examiner has not explained why the making of cd,3GT knockout cells would pose special 
difficulties that prevent the method of U.S. Patent 5,589,369 (or the other alternatives 
described in the specification) from being implemented as a matter of routine 
experimentation. 

The steps referred to in Sections 1 and 2 are sufficient to enable the full scope of the 
cells in claims 4 and 33-37. 



3 The Advisory Action of May 6, 2003, and subsequent Office Actions refer to the article by Phelps et al., 
Science 299, 41 1-414, 2003. Heterozygous cd,3GT knockout pig cells were targeted a second time to obtain 
homozygous knockout cells, for the purpose of making homozygous knockout pigs. As it turns out, the second 
allele was inactivated not by homologous recombination, but by a fortuitous mutation event. Of course, this 
doesn't mean that homologous recombination doesn't' work; only that the single positive event ultimately 
cloned out of the system happened to have been achieved in an unexpected manner. The Advisory Action quotes 
col. 3 of page 413, which attributes the finding of the cell with the desired phenotype to a "powerful selection 
method". The method is described in col. 1 of page 412, and involves selecting targeted cells using a toxin that 
eliminates cells still expressing the Galo(l,3)Gal epitope. An equivalent method is described in the specification 
on page 41, lines 9-11, which teaches using an epitope-specific antibody to cause complement-mediated lysis of 
cells still expressing the Galo(l,3)Gal epitope. Thus, the patent application provides all the tools needed for the 
skilled reader to make a cd,3GT knockout cells in a manner that is equivalent to the Phelps method. As 
explained in Section 4 below, the Phelps article also confirms that this patent application enables the making of a 
al,3GT knockout sheep. 

4 This is contrary to the position taken in the Office Action of November 23, 2001 . On page 8, the Office Action 
says that the specification is enabled for homozygous inactivation of the al,3GT gene in Finn Dorset sheep. 

5 US 5,589,369 (Seidman and Jakobovits, Cell Genesys) is entitled "Cells homozygous for disrupted target loci". 
Claim 1 covers "A method for making diploid mammalian cells homozygous for disrupted target loci . . . 
comprising ... (a) introducing into diploid mammalian cells a construct . . . comprising a selectable marker gene 
...(b) growing the cells ... in said selective medium at a first level of selective agent; (c) subjecting the 
population of cells ... to a level of selective agent greater that said first level . . . and (d) isolating said cells ..." 
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3. Animals having an inactivated al ,3 GT allele can readily be made from al,3GT 
inactivated donor cells by nuclear transfer 

Some claims in the application involve or are facilitated by the making of a cloned 
animal from cd,3GT knockout cells. A central aspect of this invention relates to the 
discovery and characterization of the sheep cd,3GT gene, and its use for inactivating the 
cd,3GT gene inside cells. The cd,3GT knockout cells explained in Sections 1 and 2 above 
can be made into knockout animals using standard methods known in the art. 

Several methods are available for making genetically modified animals from 
genetically altered cells. The specification explains extensively on pages 37-41 that animals 
can be cloned from a suitable donor cell by nuclear transfer. This is proven technology that 
created Dolly the sheep. The nuclear transfer method has been fully described and enabled in 
issued U.S. patents 6,147,276 and 6,252,133 (Campbell & Wilmut, Roslin Institute). 

There is no reason to believe that genetically altering the donor cell would affect its 
suitability as a nuclear donor. To the contrary. A number of published experiments confirm 
that cloned animals may readily be made from genetically altered cells according to the 
Campbell & Wilmut method. 

• Uchida et al. (Transgenic Research 10:577, 2001) report the production of 
transgenic miniature pigs by pronuclear microinjection. The Huntington gene 
cloned from miniature pig, was linked to rat enolase promoter, and injected into 
pronucleus of fertilized eggs. Several of the offspring were determined to have the 
transgene by PCR and Southern analysis. 

• Bondoli et al. (Molec. Repro. Dev. 60:189, 2001) report cloned pigs generated 
from cultured skin fibroblasts derived from a boar with an H-transferase transgene. 
Two healthy piglets resulted from nuclear transfer by fusion of fibroblasts that had 
been extensively cultured with enucleated oocytes. 

• Lai et al. (Molec. Repro. Dev. 62:300, 2002) report a transgenic pig expressing 
green fluorescence protein. Fetal-derived fibroblast cells were transduced with the 
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GFP gene, and then cloned into porcine oocytes. A healthy transgenic piglet was 
obtained that expressed GFP. 

McCreath et al. (Nature 405:1004, 2000) report transgenic sheep made by nuclear 
transfer from fibroblast donors in which different transgenes were targeted into the 
alphal(I) procollagen locus. 

Lai et al (Science 295:1089, 2002) report production of 
o(l,3)galactosyltransferase knockout pigs by nuclear transfer cloning. The pigs 
were produced by nuclear transfer, using clonal fetal fibroblast cell lines as nuclear 
donors. 

Dai et al. (Nature Biotech 20:251, 2002) also report production of 
o(l,3)galactosyltransferase knockout pigs by nuclear transfer cloning. The pig 
al ,3GT gene was disrupted in both male and female porcine primary fetal 
fibroblasts, which were then used for nuclear transfer. Six clonal fetal piglets were 
obtained, of which five were normal weight and apparently healthy. Southern blot 
analysis confirmed that the five piglets contained one disrupted al,3GT allele. 
Denning et al. (Nat. Biotechnol 19:559, 2001) describe the deletion of the 
alpha(l,3)galactosyl transferase (GGTA1) gene and the prion protein (PrP) gene in 
sheep. Eight pregnancies were maintained to term and four PrP-/+ lambs were 
born. 

Schnieke et al. (Science 278:2130, 1997) report production of human factor DC 
transgenic sheep. Ovine fibroblasts were transfected with the human factor DC 
gene, and used as donors for nuclear transfer to enucleated oocytes. Six live 
transgenic lambs were born, of which three contained the factor DC gene. 
Cibelli et al. (Science 280:1256, 1998) transfected bovine fibroblasts with a 
marker gene, which were then fused to enucleated mature oocytes. Out of 28 
embryos transferred, three health transgenic calves were isolated. 



13 



PATENT 
09/593,316 
Docket 730/002 

• Kuroiwa et al. (Nature Genetics 36:775, 2004) have produced cattle that are 
homozygous for inactivation of the bovine gene encoding IgM /i-chain (IGHM). 
Cells were targeted on one allele and used as donors to make heterozygous fetuses. 
Tissue was harvested, retargeted using non-isogenic vectors, and used to make 
homozygous knockout animals. Five rounds of harvesting fetal tissue, genetic 
modification, and nuclear transfer, produced tissue with this genotype: 
homozygous inactivation of IGHM, containing a Cre transgene, and homozygous 
inaction of the PRNP gene (responsible for mad cow disease). Nine pregnancies 
having the five modifications have survived beyond 60 days. Kirin 
Pharmaceuticals intends to use these animals for producing human IgM antibody 
for therapy. 

• Ramsoondar et al. (Biol. Reprod. 69:437, 2003) reported the production of pigs 
containing both a al,3GT knockout and an o(l,2)fucosyltransferase transgene. 
Donor fibroblasts already contained a genetic modification — the al,2FT 
transgene. They were targeted at the al,3GT locus with non-isogenic DNA, 
producing cells that had two genetic modifications — which were then used 
successfully for nuclear transfer. 

• Sendai et al. (Transplantation 76:900, 2003) reported production of heterozygous 
al,3GT cattle. One fetus was produced from 24 cloned embryos. A fibroblast cell 
line was established from the fetus for second round targeting, intended for cloning 
into a homozygous knockout. 

These references confirm that pigs, sheep, and cattle can all be cloned by the 
Campbell & Wilmut method using genetically altered cells to make genetically modified 
animals. References 5, 6, 7, 11, and 12 are of particular interest, because they illustrate that 
heterozygous cri,3GT knockout animals can readily be made by nuclear transfer of 
heterozygous knockout cells. All the evidence of record indicates that the cloning of sheep 
according to the Campbell & Wilmut method is no more difficult if the cell used as the 
nuclear donor has been genetically altered. 
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4. Animals that are homozygous for inactivated al,3GT can readily be produced 

The skilled reader has at least three options by which to make a sheep in which both 
al,3GT alleles have been inactivated: 

1 . Homozygous knockout cells can be made in culture as explained in Section 2 
above. They are then used as nuclear donors to make homozygous knockout 
animals by the animal cloning method of Campbell & Wilmut (specification: page 
37-41). 

2. As an alternative, a nuclear donor cell with cd,3GT inactivated on one allele is 
used to produce a heterozygous knockout animal. Cells are harvested for a second 
round of targeting. This generates homozygous knockout cells, which can then be 
used to generate homozygous knockout animals by a second cloning event 
(specification: page 41, line 17). The article by Kuroiwa et al., supra, provides an 
illustration of genetically modified cattle made by five rounds of sequential 
cloning. 

3. Another alternative again involves making a heterozygous knockout animal to 
start. However, in this case, heterozygous knockout animals are simply cross-bred 
to produce a homozygous knockout animal (specification: page 41, line 14). This 
requires time for breeding the second generation, but in some ways is the most 
straight- forward option. 

Since these technologies are all in wide-spread general use, the only relevant question in 
relation to the invention claimed in this application is whether knocking out both crf,3GT 
alleles would somehow compromise the viability of the animal. 

In fact, we know this not to be the case. Humans and other Catarrhine primates are 
exceptions amongst mammalian species as not having an expressed al,3GT gene. We seem 
to get along quite well without it. The cd,3GT gene has been obtained from two other species 
that normally express it, and used to create homozygous knockouts without difficulty. 
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Furthermore, the cd,3GT gene has successfully been knocked out in at least two other 
mammalian species that normally express it. 

• U.S. Patent 5,849,991 (Cols. 48-57) describes the isolation of the mouse cd,3GT 
gene, and then using it to make homozygous cd,3GT knockout mice. 

• Phelps et al., Science 299, 41 1-414, 2003 describe production of homozygous 
al,3GT knockout pigs using the pig al,3GT gene 6 . 

• Kolber-Simonds et al. at Immerge BioTherapeutics (Proc. Natl. Acad. Sci. USA 
101 :7335, 2004) are another group to report production of homozygous cd,3GT 
knockout pigs. 

The al,3GT knockout mice of the '991 patent were made by targeting one cd,3GT 
locus in mouse embryos to make heterozygous knockout, and then cross-breeding to obtaining 
the homozygous knockouts (option 3, above). Such mice have been used extensively in labs 
around the world for immunological and transplant studies, and have the usual features of 
animals of the murine species — with the exception that they lack the Galo(l,3)Gal epitope 
on their cells. 

The knockout pigs of Phelps et al. were also made according to the methods described 
in this patent application (option 2). First, the pig al,3GT gene was used to make 
heterozygous knockout donor cells, which were then used to clone heterozygous knockout pig 
(page 412, col 1; described in the present application inter alia on page 38, line 5 to page 40, 
line 19; and page 41, line 22 to page 42, line 5). Next, homozygous knockout cells were 
made by a targeting the other allele in the donor cells using a knockout vector, and selecting 
cells deficient in the Galo(l,3)Gal surface antigen (page 412, col. 1; described in the present 
application inter alia on page 41, lines 9-13 and 17-20; and page 42, lines 6-16). Finally, 
double knockout cells were used as donor cells for nuclear transfer to produce homozygous 



6 The pig od,3GT gene sequence had already been disclosed in U.S. Patent 5,821,1 17. This patent includes 
claims both to the gene sequence and to cells having an inactivated al, 3 GT gene. 



16 



PATENT 
09/593,316 
Docket 730/002 

knockout animals (abstract; described in the present application inter alia on page 38, line 9 
to page 40, line 19). 

Four double-targeted female piglets were produced by Phelps et al., of which three had 
cd,3GT inactivated on both alleles (page 412, col. 3 ff). 

Similarly, the knockout pigs of Kolber-Simonds et al. were made by knocking out the 
two al,3GT alleles in two sequential rounds of cloning. Cell lines established from 
heterozygous knockout cells were selected for spontaneous inactivation of the second allele 
using antibody staining. They were then used successfully as nuclear donors: 48 transfers 
resulted in 17 pregnancies, and 4 homozygous cd,3GT knockout piglets. 

Based on the precedents of humans, other Catarrhine primates, and homozygous 
knockout mice, and pigs, there is no reason to believe that homozygous knockout sheep 
would not be equally viable, and equally straight- forward to produce by any one of the three 
approaches described in the specification. 

Nevertheless, in the Office Action dated January 30, 2004 states that contrary to the 
pig, knockout of al,3GTgene kills ovine fetuses (page 17). This statement is entirely without 
foundation. The Galo(l,3)Gal antigen has no known biological function that is required for 
survival. All upper primates lack al,3GT, and seem to get along quite well without it. 
Homozygous cd,3GT knockouts have been made in the mouse and the pig without difficulty. 
There is no evidence of record to indicate that sheep are any different. 

The notion that knocking out the cd,3GT gene will specifically kill sheep is not 
substantiated in any cited reference, and appears to come from the personal knowledge or 
speculation of the Examiner. For this reason, appellants made a formal request for an 
Examiner's Affidavit on August 2, 2004, pursuant to 37 CFR § 1.104(d)(2) and 
MPEP § 2144.03. This request was denied, but the same assertion was made in the Office 
Action dated December 24, 2004. 

5. Cells from homozygous knockout animals mil have cells and tissues lacking the 
Gala(l 9 3)Gal xenoantigen 
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As described in the specification, the al,3GT gene is responsible for forming the 
Gala(l,3)Gal xenoantigen in non-Catarrhine mammals. An animal that is homozygous for 
inactivation of the cd,3GT gene would therefore lack the enzyme responsible for making the 
Gala(l,3)Gal epitope. 

The homozygous knockout mice in U.S. Patent 5,849,991 confirm this expectation. 
Peripheral blood monocytes and splenocytes from the homozygous knockouts were analyzed 
for presence of the Galo(l,3)Gal antigen using the IB4 lectin, in a manner comparable to what 
is described in the specification of the present application on pages 41-43. Wild-type mice 
showed high degree of staining, while knockout mice showed minimal staining, confirming 
that the tissue was essentially devoid of the Galo(l,3)Gal antigen (U.S. 5,849,991, Cols. 
48-52). As expected, since Galo(l,3)Gal is not a self-antigen in these mice, they form 
naturally occurring antibody against it, as do humans (Chong et al., Transpl Immunol 8:129- 
37, 2000). 

The homozygous knockout pigs in the article by Phelps et al. This is shown in are 
devoid of antibody-detectable Galo(l,3)Gal. See Fig. L, clones B 1-1, B 1-2, and B 1-4 (the 
three correctly targeted clones), and Fig. 2. 

Similarly, Dor et al. (Transplantation 78:15, 2004) showed that the five cri,3GT 
knockout pigs made in the manner of Kolber-Simonds et al. had essentially no expression of 
Galo(l,3)Gal as determined by IB4 staining (Table 1, Figure 1) and have naturally occurring 
cytotoxic anti-Galo(l,3)Gal antibody (Figure 3). 

Apparently the Examiner agrees that homozygous al,3GT knockout sheep will lack 
the Galo(l,3)Gal antigen on their cells. The Office Action dated December 24, 2004 (page 
17) states: "This is not an issue once a homozygous al,3GT knockout animal is made." 

Predictability of the Art 

In requiring appellants to provide full reduction to practice of a homozygous al,3GT 
knockout sheep, the Examiner asserts that the "physiological art" in general, and the art of 
making genetically altered animals in particular, is unpredictable. In support of this assertion, 
two publications have been put forward in the Office Actions. 
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The Office Action of November 23, 2001, refers to an article by Linder et al. (Lab. 
Anim. NY 30:34, 2001) as indicating that the resulting phenotype of a targeted gene mutation 
would vary among different strains of animals because of the collective effect of different 
genes in the host. The issue raised in the article is that inactivation of a gene may generate 
different phenotypes in particular inbred strains of mice. This is because the genes 
exemplified do not directly generate the phenotype being measured, but cause the phenotype 
to change by complex interaction with other gene products. 

In contrast, the al,3GT gene targeted in the present invention is directly responsible 
for generating the enzyme that builds the Gala(l,3)Gal epitope 7 . Accordingly, none of the 
concerns raised in the Linger article are relevant. The homozygous al,3GT knockout mice 
described in U.S. Patent 5,849,991 were made by breading heterozygous knockout mice, and 
the line has continued to bred true. All evidence indicates that al,3GT knock-out animals 
reliably breed towards absence of the Galo(l,3)Gal epitope, as expected. 

The Advisory Action of May 6, 2003, refers to the article by Denning, Clark, et al. 
(coinventors on this patent application) entitled Deletion of the a(l,3)galactosyl transferase 
(GGTA1) gene and the prion protein (PrP) gene in the sheep (Nature Biotechnol. 19:559, 
2001). The Examiner is apparently concerned that the first cd,3GT knockout sheep clones 
died in utero. But the Denning article was only a preliminary report. It does not support the 
contention that gene targeting in sheep is an uncertain process. 

On the contrary — the article provides several illustrations of the viability of the 
claimed invention: 



Table 2 in the Linder article shows that knocking out the gene for IL-2 can cause splenomegaly, inflammatory 
bowel disease, or generalized autoimmune disease, depending on the genetic background. A similar observation 
is made for ob/ob obese mice, which have a homozygous mutation in the leptin gene. The target genes in these 
studies are both endocrine molecules (IL-2 and leptin) which mediate a complex response pathway between 
different cells. In contrast, the present invention is directed at inactivating a gene that puts a terminal sugar 
residue onto the carbohydrate substrate N-acetyl lactosamine, which all ovine animals express. Accordingly, no 
inter-strain variation is expected. Another issue raised in the Linder article is that a cross-over event that occurs 
during breeding may separate a mutant gene from the phenotype being used to follow the breeding, if the 
phenotype is not directly encoded by the mutated gene. This is not a concern for the present invention, because 
the presence of an inactivated target gene can be detected directly — either by PCR analysis (Figures 16 and 17), 
or by detection of the Galo(l,3)Gal epitope on the animal's cells. 
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• Sheep cells can be correctly targeted for inactivation of the al,3GT gene. See 
Figure 2, panel (A); and Table 1. This provides a direct illustration of the making 
of the knockout cells covered by claims 4 and 33-37. 

• Targeted cells can be used for nuclear transfer. There are three examples: a) the 
cd,3GT knockout cell gave rise to viable embryos; b) the PRP knockout cells 
gave rise to 3 live births; c) viable animals have been produced that were 
successfully targeted at the COL1 Al locus (ref. 5, discussed on page 559, col. 1). 

• Knocking out the cd ,3GT gene does not decrease viability of the embryo. See the 
data in Table 2. Nuclear transfer with untransfected donor cells (7G65F4) gave 
rise to 5 viable fetuses at day 60 in 33 attempts (a 13% success rate). Nuclear 
transfer of cells treated with the cd,3GT vector but not inactivated (4H2) gave rise 
to 2 viable fetuses in 23 attempts (an 8% success rate). Nuclear transfer of cells 
containing an inactivated cd,3GT gene (3C6 and 5E1) gave rise to 5 viable 
fetuses in 21 attempts (a 19% success rate). Ergo, the success rate for cloning 
sheep by nuclear transfer is not further reduced by knocking out the al ,3GT gene. 
If anything, there was actually an improvement in cloning frequency using the 
correctly targeted cells. 

Thus, the Denning article confirms that the generation of cd,3G knockout sheep poses 
no undue difficulty beyond what is usually entailed in producing cloned knockout mammals 
by nuclear transfer. The method has been used successfully for recombination at the 
COL1A1 locus in sheep (McCreath et al., Nature 405:1066, 2000), and the al,3GT locus in 
pigs (Phelps et al., supra). 

The sheep al,3GT knockout project reported in the Denning article lost its funding, 
and it is for this reason that knockout sheep were not ultimately produced by these authors. 
There is no question that large animal cloning is a costly and time-consuming process, 
whether or not the nuclear donor cell has any kind of genetic alteration. But that does not 
mean that the claimed invention is in any way inadequately described or enabled. The 
cloning step required to complete the invention claimed in this application, while costly, is 
entirely straight forward. It can be accomplished without undue experimentation, well within 
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the Wands standard 8 . There is nothing missing from the specification that the skilled reader 
needs in order to put this invention into practice 9 . 

§ 1.132 Declaration by Dr. Ian Wilmut 

A Declaration by Ian Wilmut, Ph.D., O.B.E., F.R.S., was filed in this application 
under 37 CFR § 1 .132 on September 23, 2004. A copy of the Declaration accompanies this 
Appeal Brief It provides further support for appellants' position that the claimed invention is 
enabled by the application as filed. 

Dr. Wilmut explains that genetically modified animals can readily be made by the 
methods described in U.S. patents describing nuclear transfer, and provides a number of 
illustrations. He also explains that the early death of o(l,3)galactosyltransferase knockout 
sheep fetuses reported in the Denning article is often observed in cloned animals, and not 
attributable to an effect from the cd,3GT gene. He explains that the sheep al,3GT gene 
provided in this application can be used to make cd,3GT knockout sheep, just as the pig 
od,3GT gene has been used to make cd,3GT knockout pigs. 

Thus, even if it takes several attempts to obtain a working example because of a low 
frequency of successful cloning events, there is no undue experimentation involved. The 
skilled reader simply repeats the procedure until a cd,3GT knockout sheep is obtained. 

Patentability of individual claims 

As already explained, techniques suitable for preparing al,3GT knockout animals are 
generally known in the art, and referenced in the specification. It has not previously been 



In re Wands, 8 USPQ2d 1400 (Fed. Cir. 1988). In Wands, the patent application claimed monoclonal 
antibodies of a particular specificity and affinity. The PTO contended that only 2.8% of the hybridomas 
obtained were proven to fall within the claim, and thus the claim was not enabled. The Court held that Wands 
was fully enabled, because it was standard practice to screen negative hybridomas in order to find one that makes 
the desired antibody. 

9 Except, of course, funding. But 35 USC § 1 12 ^ 1 only requires the applicant to provide the skilled reader with 
the knowledge required to make and use the invention — not the financial resources that may be needed to 
complete the project. 
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possible to make cd,3GT knockout sheep, simply because the sheep al,3GT gene was not 
previously available. Now that the sheep cd,3GT gene has been discovered and 
characterized, it is straight forward to produce sheep tissue which is devoid of Galo(l,3)Gal, 
or which has been inactivated for the al,3GT gene on one or both alleles, using techniques 
already proven to be effective in the mouse and the pig. 

Claims 6, 14, and 15 cover an ovine animal that is homozygous for inactivation of the 
al ,3GT gene. They meet the enablement requirements of 35 USC § 1 12 If 1 for reasons 
already explained. Briefly, the specification provides the sheep cd,3GT gene, al,3GT 
targeting constructs, and al,3GT knockout sheep cells. al,3GT knockout sheep can be made 
by applying standard animal production technology referred to in the specification. 

Claims 4 has different requirements under 35 USC § 1 12 If 1. Heterozygous and 
homozygous cells can be made in culture without producing a knockout animal. 

Claims 33-37 specify that the cell of claim 4 is a fibroblast, kidney cell, hepatocyte 
(liver cell), cardiac cell, or islet cell. Fibroblasts having the required property, made by 
homologous recombination of cultured cells, are shown in the specification as working 
Examples 4 and 5 (page 46 ff). The other cell types can be produced by homologous 
recombination using the cd,3GT targeting construct with cultured cells of the particular tissue 
type, in the same fashion. 

Claim 5 depends from claim 4, and requires only that the process for making the cell 
involve at least one nuclear transfer event. This may involve the making of a cloned animal, 
or just the making of a single cell or cell culture by nuclear transfer. 

Claim 13 depends from claim 4, and covers the use of heterozygous or homozygous 
al,3GT knockout cells for making homozygous cd,3GT knockout sheep. 

Claim 3 covers a cell or tissue that does not express cd,3GT. Claims 1 and 2 cover 
tissue devoid of the Galo(l,3)Gal epitope. Again, cells having these properties can be 
harvested from a cri,3GT knockout animal, or produced in vitro by genetic manipulation of 
cultured cells. 

Claim 16 depends from claim 1, calling out a particular use of the cells of claim 1 for J 
transplanting into a mammal having circulating antibody against Galct(l,3)Gal determinants 
— e.g., a non-cattharine primate, or a al,3GT knockout mouse or pig. 



22 



PATENT 
09/593,316 
Docket 730/002 

Summary 

The Office has not established a prima facie case for lack of enablement for the 
claimed invention. Heterozygous knockout cells and sheep have been made using the al,3GT 
targeting vectors described in the specification. There is no basis to believe that making a 
homozygous knockout will compromise the viability of the animal in any way. In fact, there 
is abundant evidence from other species that the making cd,3GT knockouts is straight 
forward. 

Appellants should not be required to provide complete actual reduction to practice in 
order to demonstrate enablement of the invention, since this is not the legal standard. 
Methods needed to practice the full scope of the claimed invention are known in the art, and 
can be implemented by the skilled reader without undue experimentation. The claimed 
invention is placed into the hands of the public because the critical component needed to 
make this work in sheep — namely the sheep al,3GT gene — is provided in the disclosure 
for the first time. 

Thus, the claimed invention is fully described and enabled in the specification, thereby 
complying with the patentability requirements of 35 USC § 1 12 If 1. 

Further rejection of Claim 16 under § 112^ 1 

Claim 16 also stands rejected under 35 USC § 1 12 f 1 as not being enabled by the 
specification, because even if ovine tissue devoid of Galo(l,3)Gal determinants could be 
produced, it would not solve all of the issues that trigger a xenograft response. 

Appellants disagree. The application solves the problem of the Galo(l,3)Gal present 
on sheep tissue, which would generate hyperacute rejection upon transplantation to a human. 
The skilled reader would recognize that other issues in transplantation therapy should also be 
addressed, for example, by the use of immunosuppression and other supportive care that are 
standard in the transplantation setting. Standard immunosuppressive drugs such as 
cyclosporin A have a long established track record for overcoming immune rejection of 
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grafted organs, and would be adopted as a matter of course in the use of the claimed 
invention. 

In fact, xenografting has been an established protocol for cardiac valve replacement 
for almost 40 years. Long-term postoperative survival rates have been between 78% and 
94%, depending on what procedure is performed (Stinson et al., J. Thorac. Cardiovasc. Surg. 
73:54, 1977; Angell et al, Ann. Thorac. Surg. 28:537, 1979). The success is not impaired by 
the fact that the value tissue used is taken from animals that normally express Galo(l,3)Gal. 
The Office Action does not explain why the tissue of this invention would not be effective for 
therapeutic applications such as cardiac valve therapy — regardless of the epitopes expressed. 

Furthermore, Costa et al. (FASEB J. 17:109, 2003) reported experiments in which 
xenograft survival was tested in a model where cartilage was transplanted from transgenic 
pigs to al ,3GT knockout mice. The pig tissue expressed the transgene 
a(l,2)fiicosyltransferase which reduces but does not eliminate expression of Galo(l,3)GaL 
Control pig cartilage grafted into the mice was rejected in several weeks in a cell mediated 
response. In contrast, the mice receiving the tissue with the transgene showed a markedly 
reduced anti-pig antibody response and no Galo(l,3)Gal elicited antibody response. There 
was a mild cellular infiltrate that was confined to the graft periphery, conferring resistance to 
delayed rejection. In a cardiac transplant model, Chen et al. (C.G. Chen et al. Transplantation 
65:832, 1998) showed that cd,2FT transgenic and cd,3GT knockout tissue were both 
protected against hyperacute rejection. 

It can therefore be anticipated that the use of cd,3GT knockout tissue (having an even 
lower level of Galo(l,3)Gal antigen), in combination with standard immunosuppressive 
regimens, will enable engraftment and survival of therapeutically important grafts according 
to the claimed invention. 

Rejection under 35 USC § 101 

Claims 1-6 and 33-37 stand rejected under § 101 as claiming subject matter without a 
credible asserted or a well-established utility. 



24 



PATENT 
09/593,316 
Docket 730/002 

In making a rejection under this Section, the Examiner referred to the Office's Utility 
Guidelines 10 as tying the utility requirement of § 101 to the enablement requirement of 
§ 1 12 If 1. In fact, the standard referred to is that inventions lacking utility are not considered 
enabled — not vice versa. All the arguments made under this heading in the Office Actions 
are essentially enablement rejections — again, because of the lack of a full working example 
in the specification. 

The courts have repeatedly found that the mere identification of a pharmacological 
activity relevant to an asserted use provides an immediate benefit to the public, thereby 
satisfying the utility requirement. 

Knowledge of the pharmacological activity of any compound is obviously beneficial 
to the public. . . . Since it is crucial to provide researchers with an incentive to 
disclose pharmacological activities in as many compounds as possible, we conclude 
that adequate proof of any such activity constitutes a showing of practical utility. 
Nelson v. Bowler, 206 USPQ 881, 883 (CCPA 1980). 

This is true even if the pharmaceutical agent is in a very early stage of development. Cross v. 
Iizuka, 224 USPQ 739 (Fed. Cir. 1985). 

As indicated throughout the specification, ovine tissue devoid of antibody-detectable 
Galo(l,3)Gal determinants are useful and under development in a number of laboratories for 
use in xenotransplantation. 

The Office Action indicates that the claimed invention has no utility with respect to 
heterozygous cd,3GT knockout animals and tissues, because there is no phenotypic difference 
from normal ovine animals and tissues. However, the specification teaches on page 41, lines 
14-17 that heterozygous cri,3GT knockout animals have utility for making homozygous 
knockout animals by cross-breeding. The use of heterozygous knockout animals to breed a 
homozygous knockout animal is covered in Claim 13, which has not been rejected under 
§101. Crossbreeding of heterozygous knockouts has been used successfully to generate 
cd,3GT knockouts in mice (U.S. Patent No. 5,849,991). 



Examination Guidelines for Utility Requirement, B2(2), Federal Register Vol 66(4), published January 5, 
2001. Referred to in the Office Action dated December 16, 2004, page 4. 
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Furthermore, the specification teaches on page 41 , lines 17-20 that tissue from 
heterozygous cd,3GT knockout animals (both birthed animals and fetuses) have utility for 
targeting the second allele, thereby obtaining homozygous cd,3GT knockout cells. This in 
turn can be used for nuclear transfer for production of homozygous knockout animals. 
Second allele targeting and recloning has been used successfully to generate cd,3GT 
knockouts in pigs (Phelps et al., Science 299, 41 1-414, 2003; Kolber-Simonds et al., Proc. 
Natl. Acad. Sci. USA 101:7335, 2004). 

Thus, there are several asserted and credible utilities of al,3GT heterozygous cells and 
animals that meet the requirements of § 101. 

Appellants respectfully requests that rejection of all claims under examination be 
reversed, and that the application be allowed and sent to the issue branch without further 
delay. 

If any fees are necessary for the submission of this paper, please charge our Deposit 
Account No. 06-0916. 



Respectfully submitted, 



FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, L.L.P. 



Dated: February 2 L 2006 




Reg. No. 46,063 
Tel.: 202-408-4160 
Fax.: 202-408-4400 



E-mail: arrigos@finnegan.com 
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VIII. Claims Appendix 

1 . Ovine tissue devoid of antibody-detectable Gakx(l ,3)Gal determinants. 

2. The tissue of claim 1, which is selected from the group consisting of lung tissue, 
kidney tissue, liver tissue, cardiac tissue, pancreatic tissue, and ocular tissue. 

3. Isolated ovine cell or tissue that expresses glycosyl transferase enzymes but does not 
detectably express cc(l,3)galactosyltransferase (al,3GT). 

4. An ovine cell which is heterozygous or homozygous for inactivation of an <xl,3GT 
gene. 

5. The cell of claim 4, produced by transfer of a nucleus from a donor cell heterozygous 
or homozygous for inactivation of an a 1,3 GT gene, to an enucleated recipient cell. 

6. An ovine animal that is homozygous for inactivation of an al ,3GT gene. 

7. (Withdrawn) A polynucleotide construct effective for inactivating an al,3GT gene 
in an ovine cell. 

8 to 12. Cancelled 

13. A method for producing an ovine that is homozygous for inactivation of an otl,3GT 
gene, comprising providing an ovine embryo of cells according to claim 4, 
engrafting the embryo into the uterus of a female, birthing an ovine with an 
inactivated al,3GT gene from the engrafted female, and if the birthed ovine has the 
al,3GT gene inactivated on only one allele, then mating it with another ovine with 



27 



PATENT 
09/593,316 
Docket 730/002 

an inactivated al,3GT gene, thereby producing an ovine that is homozygous for 
inactivation of the al,3GT gene. 

14. A method for producing an isolated ovine cell that expresses glycosyl transferase 
enzymes but does not detectably express otl,3GT, comprising isolating the cell from 
an ovine homozygous for inactivation of an al,3GT gene according to claim 6. 

15. A method for producing ovine tissue devoid of antibody-detectable Gala(l,3)Gal 
determinants, comprising harvesting the tissue from an ovine homozygous for 
inactivation of an ccl,3GT gene according to claim 6. 

16. A method of xenotransplantation, comprising transplanting tissue devoid of 
antibody-detectable Gala(l,3)Gal determinants according to claim 1 into a mammal 
having circulating antibody against Gala(l,3)Gal determinants. 

17. (Withdrawn) An isolated polynucleotide that comprises a sequence of at least 30 
consecutive nucleotides with at least one of the following properties: 

a) it is contained in SEQ. ID NO:l or any of SEQ. ID NOs:14 to 25, but not in 
any of SEQ. ID NOs: 3, 5, 7, 9, 1 1, and 13; 

b) it is contained in phage B, C and G deposited under Accession Nos. 
NCIMB 41056, 41059, 41060, and 41061; but not in >.-phage or any of SEQ. ID 
NOs: 3,5, 7, 9, 11, and 13; or 

c) it hybridizes under stringent conditions to a polynucleotide with the sequence 
in SEQ. ID NO:l or any of SEQ. ID NOs: 14 to 25, but not to a polynucleotide with 
the sequence in any of SEQ. ID NOs: 3, 5, 7, 9, 11, and 13 

18 to 21. Cancelled 

22. (Withdrawn) An isolated polypeptide that comprises a sequence of at least 10 
consecutive amino acids with at least one of the following properties: 
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a) it is contained in SEQ. ID NO:2 but not in any of SEQ. ID NOs: 4, 6, 8, 10, 
and 12; 

b) it is encoded in phage B, C and G deposited under Accession Nos. 
NCIMB 41056, 41059, 41060, and 41061., but not encoded in A,-phage or present in 
any of SEQ. ID NOs: 4, 6, 8, 10, and 12; or 

c) it is at least 80% identical to 15 consecutive amino acids contained in SEQ. 
ID NO:2, wherein said sequence is not present in any of SEQ. ID NOs: 4, 6, 8, 10, 
and 12 

23 to 26. Cancelled 

27. (Withdrawn) An isolated polynucleotide comprising a sequence encoding a 
polypeptide according to claim 22. 

28. (Withdrawn) An isolated polyclonal antibody or a monoclonal antibody that binds 
specifically to a polypeptide with the sequence SEQ. ID NO:2 but not to a peptide 
with the sequence present in any of SEQ. ID NOs: 4, 6, 8, or 10. 

29. (Withdrawn) An assay method for determining otl,3GT expression by a cell, 
comprising contacting a polynucleotide according to claim 17 with the cell or with 
mRNA or cDNA obtained from the cell, detecting any hybrids that form as a result, 
and correlating presence of the hybrids with expression of al,3GT by the cell. 

30. (Withdrawn) A method for producing the antibody specific for sheep al,3GT, 
comprising immunizing an animal or contacting an immunocompetent particle with a 
polypeptide according to claim 22. 

31. (Withdrawn) A method for preparing a Galoc(l,3)Gal determinant, comprising 
contacting a galactose acceptor saccharide with the polypeptide of claim 26 in the 
presence of UDP-galactose. 
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32. (Withdrawn) An assay method for determining otl,3GT in a sample, comprising 
preparing a reaction mixture comprising the sample and an antibody according to 
claim 28 under conditions that permit the antibody to complex with al,3GT, and 
correlating any complex formed with the presence or amount of otl,3GT in the 
sample. 

33. The cell of claim 4, which is a fibroblast. 

34. The cell of claim 4, which is a kidney cell. 

35. The cell of claim 4, which is a hepatocyte. 



36. The cell of claim 4, which is a cardiac cell. 



37. The cell of claim 4, which is an islet cell. 
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IX. Evidence Appendix 

The following evidence is relied upon in Appellants' Brief. The evidence cited below was 
entered in the record by the Examiner as indicated below. A copy of each is attached. 

1. 35 USC § 1.132 Declaration signed by Ian Wilmut, Ph.D., O.B.E., F.R.S, filed in the 
application on September 23, 2004. 

2. U.S. Patent 5,589,369. Submitted in IDS 10/30/00; considered by Examiner 1 1/15/01 . 

3. U.S. Patent 5,849,991. Submitted in IDS 10/30/00; considered by Examiner 1 1/15/01. 

4. U.S. Patent 5,821,1 17. Submitted in IDS 10/30/00; considered by Examiner 1 1/15/01. 

5. U.S. Patent 6,147,276. Submitted in IDS 12/6/01; considered by Examiner 1/23/03. 

6. U.S. Patent 6,252,133. Submitted in IDS 12/6/01; considered by Examiner 1/23/03. 

7. Denning et al., Nature Biotechnology 19:559, 2001 . Cited by Examiner in PTO-892 as part of 
Paper No. 5. 

8. Phelps et al., Science 299, 41 1-414, 2003. Submitted in IDS 3/3 1/03; considered by Examiner 
4/15/03. 

9. Kolber-Simonds et al., Proc. Natl. Acad. Sci. USA 101:7335, 2004. Submitted in IDS 
8/17/04; considered by Examiner 12/1/04. 

10. Uchida et al., Transgenic Research 10:577, 2001. Submitted in IDS 12/3/02; considered by 
Examiner 4/15/03. 

1 1 . Bondoli et al, Molec. Repro. Dev. 60: 1 89, 200 1 . Submitted in IDS 1 2/3/02; considered by 
Examiner 4/15/03. 
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12. Lai et al., Molec. Repro. Dev. 62:300, 2002. Submitted in IDS 12/3/02; considered by 
Examiner 4/15/03. 

1 3 . McCreath et al., Nature 405 : 1 004, 2000. Submitted in IDS 1 2/3/02; considered by Examiner 
4/15/03. 

14. Lai et al., Science 295: 1089, 2002. Submitted in IDS 12/3/02; considered by Examiner 
4/15/03. 

15. Dai et al., Nature Biotech 20:251, 2002. Submitted in IDS 12/3/02; considered by Examiner 
4/15/03. 
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Deletion of the a(1 ,3)galactosyl transferase 
{GGTA1) gene and the prion protein [PrP) 

gene in sheep 

C. Denning*, S. Burit, A. Ainslie, J. Bracken, A. Dinnyes, J. Fletcher, T. King, M . Ritchie, W. A. Ritchie, 
M. Roilo, P. de Sousa, A.Travers, I, Wilmut, and A J. Clark* 

Nuclear transfer offers a cell-based route for producing precise genetic modifications in a range of animal 
species. Using sheep, we report reproducible targeted gene deletion at two independent loci in fetal fibro- 
blasts. Vital regions were deleted from the cc(1 ,3)galactosyl transferase {GGTA1) gene, which may account for 
the hyperacute rejection of xenografted organs, and from the prion protein (PrP) gene, which is directly asso- 
ciated with spongiform encephalopathies in humans and animals. Reconstructed embryos were prepared 
using cultures of targeted or nontargeted donor cells. Eight pregnancies were maintained to term and four 
PrF"+ lambs were born. Although three of these perished soon after birth, one survived for 12 days. These 
data show that lambs carrying targeted gene deletions can be generated by nuclear transfer. 



Gene targeting in embryonic stem (ES) cells is a powerful tool for 
modifying the genome of mice 1 . In other species, ES cells that con- 
tribute to the gerrnline are not available, limiting widespread use of 
the technique. With the development of nuclear transfer in livestock 
species^, genetically engineered somatic cells can be used to modify 
the genome. Previously, transgenic sheep expressing the human 
Factor DC gene in the mamrriary gland were produced by this route 
after random integration of the transgene into donor cell nudei 4 . 
More recently, viable animals have been produced after gene target- 
ing was used to precisely insert human al -antitrypsin (AAT) 
sequences into the COL1A1 locus 5 , although the insertion site was 
specifically selected so as not to disrupt type 1 collagen protein func- 
tion or expression. Targeted gene disruption is essential when com- 
plete deletion of gene function is required 

Animals potentially offer an alternative source of tissue for 
transplantation. A major barrier to successful xenotransplantation is 
presented by preformed antibodies that recognize the disaccharide 
galactose-ot(l,3)-galactose, leading to hyperacute rejection 6 . 
Synthesis of gakctose-a(l,3)-galactose is catalyzed by the enzyme 
a(l ^galactosyl transferase, which is present in all organisms except 
catarrhines (Old Wodd monkeys, apes, and humans). The hypothesis 
that deletion of this gene from the gerrnline of donor species may 
eliminate a substantial component of hyperacute rejection needs to 
be tested in a large-animal model Although the pig has been high- 
lighted as the ideal choice for xenotransplantation, concerns have 
been raised about anatomical incompatibilities with humans 7 and the 
retroviral load of the porcine genome 8 . Sheep lacking a(l,3)galacto- 
syl transferase could be used to determine the importance of 
galactose-ct( 1 ,3) -galactose in graft rejection, to develop immunosup- 
pression regimes, and to provide tissues for xenotransplantation. 

Prions, encoded by the PrP gene, are a novel form of infectious 
agent that cause spongiform encephalopathies in humans and ani- 
mals 9 . Prions have assumed tremendous importance because of the 
bovine spongiform encephalopathy (BSE) epidemic and the concern 
that there has been cross-species transmission to humans, resulting in 
a new and highly lethal form of Creutzfeld-Jacob disease. 



Experiments with PrP gene knockout mice have shown that these ani- 
mals do not replicate the prion gene and are resistant to scrapie^ 11 . 
Because sheep, and particularly cattle, have functional PrP genes and 
are used to produce biomedical products such as gelatin, collagen, 
and, increasingly, human proteins after genetic modification, it may 
be appropriate to produce prion- resistant populations. 

We therefore selected the GGTA1 and PrP genes as candidates for 
deletion from sheep. In addition, genetically engineered mice without 
one or the other of these genes show no gross deleterious effects 12-14 , 
indicating that they would be appropriate targets to develop gene dis- 
ruption technology in livestock. Here we report use of nuclear trans- 
fer to produce sheep that have targeted gene deletions. 

Results and discussion 

The ovine PrP gene has previously been cloned and characterized 
Three exons span 21 kilobases of genomic DNA, with the 770 base 
pair coding region contained entirely within the final exon 15 . 
Comparable data for the GGTA1 gene were not available, although 
the coding sequence was known for other species 1417 . Using primers 
that functioned across species in a reverse transcriptase-polymerase 
chain reaction (RT-PCR), we isolated an 1,110 base pair ovine 
GGTA1 complementary DNA (cDNA), which showed 83% and 95% 
homology to murine and bovine sequences, respectively. A 193 base 
pair 5'-untranslated region was extended by rapid amplification of 
cDNA ends (RACE) PCR, although it appears to be truncated com- 
pared with the corresponding region in the mouse gene. 

To generate targeting vectors, we used GGTA1 or PrP DNA probes to 
screen a genomic library prepared from tissue culture cells derived 
from a day 35 Black Welsh fetus. The coding exons of the GGTA1 gene 
span -20 kilobases of genomic DNA and were designated 4 to 9 (Fig. 1) , 
because translation initiation occurs in exon 4 of the well-characterized 
mouse gene 16 . The PrP-hybridizing phage were analyzed and had the 
same sequence and restriction pattern as in the published data 15 . 

The GGTA1 and PrP genes are expressed in fetal fibroblasts (data not 
shown), permitting use of the promoter trap targeting strategy 18 . In the 
vectors constructed, the neomycin phosphotransferase (neo) gene was 
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Figure 1. Organization of the genomic loci of ovine (A) GGTA1 or (B) PrP genes 
and the promotertess targeting vectors used for disruption. Numbering of the 
exons in GGTA1 is based on the mouse; translation initiates in exon 4 and 
terminates in exon 9. Targeting deletes exon 4 and 1 .4 kb of intron 4, and a 
BamHI site (labeled B) Is inserted. The coding sequence of PrP Is entirely within 
exon 3; targeting deletes this region and two Bg/l sites (labeled Bg). Arrows 
indicate translation initiation sites. Black boxes represent exons, hatched boxes 
represent neopA sequence, and open box represents pBlueScript sequence. 
Location of PCR primers (GGTA1 uses G1/2 and G1/3; PrP uses P1/2 and P1 /3) 
and the 5' external probes for Southern blot analysis are shown. Scale bar 
represents 2 kb. 

placed directly adjacent to the initiation codon of the target genes 
(Fig. 1). The PrP targeting vector does not delete the splice acceptor site 
of exon 3, a component of the gene that must be retained to generate 
knockout mice that are clinically healthy and do not have a grossly 
aberrant phenotype 14 . Linearized GGTAl or PrP vectors (10 ug) were 
transfected into early-passage BW6F2 karo typically normal male 
(54XY) cells. After 12 days of G41 8 selection, 877 and 533 colonies had 
grown in the GGTAl and PrP experiments, respectively (Table 1). 

Initially, we used two independent PCR reactions to detect target- 
ing events for each construct Using this strategy, we demonstrated 
that 1.1% (10) or 10.3% (55) of the GGTAl or PrP BW6F2 
neomycin-resistant (neo R ) colonies contained correctly targeted cells 
(Table 1 ) . However, in terms of selecting a clonal targeted population 
with a stable karyotype that could be expanded for use in several 
nuclear transfer (NT) experiments, only one colony (PrP 1 '*, termed 
YH6) was suitable (Table 1; Fig. 2B, lane 1). Many targeted colonies 
also contained nontargeted cells, as indicated by the greater intensity 
of the PCR band from the nontargeted allele compared with that of 
the targeted allele. More importantly, a substantial number of 
colonies (4/5 PrP and 8/8 GGTAl) with only targeted cells senesced 
before they could be prepared for nuclear transfer (Table 1). The 
high attrition rate of targeted clonal populations suitable for nuclear 
transfer (Table 1) represents one of the major hurdles of gene target- 
ing in primary somatic cells. 

Targeting experiments at the GGTAl locus were continued using a 



Table 1. Efficiency of gene targeting in ovine somatic cells 


Parental Target 


G418- 


Total 


Mixed 


Senesced 0 


Unstable 11 


Targeted 


primary gene 


resistant 


targeting 


colonies** 




karyotype 


colonies 


culture 


colonies 


events 








suitable for 






detected* 








NT 


BW6F2 GGTA1 


877 


10 


2 


8 


0 


0 


BW6F2 PrP 


533 


55 


50 


4 


0 


1 (YH6) 


7G65F4 GGTA1 


568 


35 


17 


15 


1 


2(3C6, 5E1) 



■Total number of targeting events detected by the initial PCR screens. 

^Colonies were scored as mixed when the amplified band from the nontargeted locus was more Intense than the tar- 
geted locus In the second PCR screen. 

c Colonies were scored as senesced when cell numbers could not be seen to increase after seven days. 
0 The normal karyotype of these cells was 54XY. 



different primary cell culture, 7G65F4, isolated from a Finn Dorset 
fetus. These cells were in culture for 6 days before electroporation, 
compared with -14 days for the BW6F2 cells used before. 
Targeting events were detected at a frequency of 62% (35 of 568). 
Ultimately, two GGIAI-targeted colonies (3C6 and 5E1) suitable 
for nuclear transfer were isolated (Table 1 ; Fig. 2A, lanes 1 and 4). 

We have shown targeting frequencies in neo a clones of 1,1 
and 6.2% for the GGTAl locus and of 10.3% for the PrP locus. 
These are upper estimates, as the data include a substantial pro- 
portion of mixed clones, but correspond to an overall targeting 
frequency of 1-10 per 10 6 cells. Recently McCreath and col- 
leagues 5 reported targeting efficiencies of 7.1, 13.8, and 65.7% 
in the ovine COL1A1 locus in Poll Dorset fetal fibroblasts. The 
high average efficiency in these experiments may be attributable 
to high endogenous expression or intrinsic recombinogenic 
activity at this locus. Alternatively, the vector used by these 
workers had contiguous regions of homology with the chromo- 
somal locus and did not delete any of the COL1A1 gene. By con- 
trast, to ensure effective disruption of the GGTAl and PrP 
genes, we deleted endogenous coding sequence with neo-polyA 
sequence using noncontiguous regions of homology. 
Targeted (3C6, 5E1, or YH6) and control cells (4H2, with a 
_ random integration of the GGTAl targeting vector Fig 2A, lane 
7; 7G65F4, nontransfected parental line) were prepared for 
nuclear transfer by culturing in low- (0.5%) serum medium for three 
to five days. Donor cells were fused to enucleated Poll Dorset oocytes, 
as described 2 . A total of 120 morulae or blastocysts were transferred 
to 78 Finn Dorset final recipients, which produced 39 pregnancies at 
day 35. The oldest GGTA 1 -targeted fetuses died in utero at 1 18 and 
130 days (term 148 days) . Eight pregnancies were maintained to term 
(two 7G65F4, one 4H2, five YH6), resulting in four live births derived 
from the PrP-deleted line, YH6. Three of these lambs perished soon 
after birth. One lived for 12 days (Table 2; Fig. 3) but was euthanized 
after developing dyspnea due to pulmonary hypertension and right- 
sided heart failure, common abnormalities In cloned sheep. 

The high incidence of mortality reported here may indicate that 
genetic modification or prolonged culture is detrimental to develop- 
ment Although comparison of the developmental stages revealed 
similar efficiencies of progression from targeted cells, nontargeted 
cells with random integration, and un transfected cultures (blastocyst, 
10-31%; day 35, 3.3-6.7%; day 60, 0-4.4%, referenced to embryos 
transferred or cultured; Table 2), we observed a high incidence of 
mortality at and soon after birth. This contrasts with other studies 
using unmodified, early-passage sheep cells* -4 . However, it is 
consistent with a recent report 5 of gene insertion in sheep; although 
two targeted animals survived beyond three months, there was a high 
incidence of perinatal and postnatal mortality. Thus prolonged 
culture, in combination with the stringent selection required for 
somatic gene targeting, may produce cell lines that are less competent 

at producingviable clones. 

When possible, autopsies were per- 
formed. The range of abnormalities 
found was consistent among the dif- 
ferent groups. The predominant find- 
ings were hydroallantois, distention of 
the liver caused by congestion (sugges- 
tive of cardiac insufficiency), insuffi- 
cient placentation indicated by 
reduced numbers and size of cotyle- 
dons, and kidney dysplasia manifested 
by enlarged renal pelvis with narrowed 
cortex and medulla. All these defects 
have been described in other nuclear 
transfer experiments with nontrans- 



560 



mtura btotecfinology • VOLUME 1 9 • JUNE 2001 ♦ tittpMtech.nature.com 



E 

8 

si 
1 

c 

•g 
S 



2 
o 

D) 
C 

.S2 
3 

a. 

£ 

13 



o 

CM 



123 456 789 
III 



CM 

a 

CO 

O 



2.8kb- 

. :H,;-!j:.:u: 



1.5kb 




B 



4.6kb^ 
3.9kb- 



1234 5 
Mil 



GGTA1 

12 3 4 

U J I 



PrP 



to 



3.0kb 



l4kb- 

.«t.-V J.:;:.*.. .' 

*5.5kb- 




§| *5.5kH 




Figure 2. Targeted mutations are retained through development. DNA was isolated from cells before nuclear transferor 
from derived fetuses, then analyzed by PCR and Southern blot. Samples with a targeted allele are indicated by an 
asterisk (*). See Figure Ifor location of primers and probes. (A) GGTA1 PCR. Lanes 1 , 2, and 3 show 3C6* cells, and 
fetuses at day 85* and day 1 18*; Lanes 4, 5, and 6 show 5E1* ceils, and fetuses at day 49* and day 49*. Lanes 7, 8, 
and 9 show 4H2 cells, and fetuses at day 49 and day 1 48. (B) PrP PCR. Lane 4 shows nontargeted parental cells. Lane 
1 shows YH6* cells. Lanes 2 and 3 show lambs carried to term*. Lane 5 shows the targeted lamb that survived to 12 
days*. (C) Southern blot analysis. GGTA1 samples were digested with BamHt. The targeted allele hybridizes with the 5' 
and neo probes; lanes 1 , 2 f and 3 show samples from fetuses at day 1 1 8*. day 49*. and day 49*. Lane 4 shows a 
nontargeted sample. PrP samples were digested with Sg/I. Lane 5 shows the targeted lamb that survived to 1 2 days*. 
Lanes 6 and 7 show samples from fetuses at term*. Lane 8 shows a nontargeted sampla 




Figure 3. PrP 4 * Iamb 
photographed at six days 
postpartum. 



fected cells 2,5,19 * 20 . We did not expect abnormal phenotypes as a 
direct result of the gene disruption because we modified only one 
allele at a dominant locus. Furthermore, null mice for GGTA1 or 
Pr? are healthy 12 ' 14 . 

Tissue was recovered from fetuses and lambs for both PCR and 
Southern blot analysis. Data axe shown for fetuses ranging from day 
49 to 148 (term) of pregnancy. The two PCR screens for each locus 
revealed patterns consistent with targeting (Fig. 2) in all the samples 
that were recovered. In Southern blot analyses, both 5' (external) and 
neo coding sequence (internal) probes hybridized to restriction frag- 
ments of the correct size. The location of probes and restriction sites is 
shown in Figure 1; representative Southern blots are shown in Figure 
2. These data show that lambs carrying targeted gene deletions can be 
generated by nuclear transfer. 

Our results, together with the recent report of sequence insertion 
at the ovine COllAl locus 5 , indicate that targeted homologous 
recombination has been demonstrated at three independent loci in 
cells derived from different breeds of sheep. This suggests that the 
technology can be used to disrupt many different genes in the ovine 
genome. We found, however, that the number of targeted clones suit- 
able for nuclear transfer was low. A major barrier was that many of 
the clonal populations reached proliferative senescence. The bulk 
populations of the primary cultures we used divide -100 times before 



senescing, a large excess compared to the estimated 45 doublings 
required for targeting and preparation for nuclear transfer 21 . A likely 
explanation is that there is considerable heterogeneity of life span in 
the culture, with many of the selected colonies having a life span con- 
siderably shorter than 100 doublings. 

The death of the targeted fetuses and lambs emphasizes the 
need to improve the efficiency of the technology. Once this is 
achieved, effective ablation of gene function will usually require 
both alleles to be disrupted. Given the limited proliferative capaci- 
ty of ceils currently used in nuclear transfer, achieving this from a 
single clonal population will be difficult. Alternatively, conven- 
tional breeding could be used with animals surviving to reproduc- 
tive maturity. However, this would take a minimum of 18 months 
in sheep, even if the modification were introduced simultaneously 
into male and female cells and the cloned animals interbred. A dif- 
ferent approach would be to clone by nuclear transfer from the 
cells in which the first allele has been targeted, re-isolate cell lines 
from the cloned fetal material, and then target the second locus in 
these cells 22 * 23 . Ultimately, however, the fastest route to multiple 
genetic changes would be to extend the window to achieve target- 
ing, either by increasing the overall efficiency of targeting or by 
using cells with an extended life span that still retain their totipo- 
tency for nuclear transfer. 



Table Z Nuclear transfer from gene-targeted primary cells 4 



Stage of nuclear transfer 



Cells used for nuclear transfer 



Embryos transferred into temporary recipients 11 (In vitro cultured) 

Embryos recovered from temporary recipients 

Morula or blastocyst 6 : in vivo (in vitro) 

Embryos transferred to final recipients 

Final recipients 

Fetuses at day 35 

Fetuses at day 60 

Lambs at birth: live (dead) 

Lambs alive at one week 



3C6 


5E1 


4H2 


7G65F4 


YH6 


87 (25) 


0(30) 


92 (31) 


55 (71) 


273(181) 


85 




62 


55 


214 


16(7) 


0(3) 


19(8) 


12(27) 


44(3) 


18 


3 


23 


33 


43 


12 


3 


17 


18 


28 


7 


2 


4 


8 


18 


5 


0 


2 


5 


8 


0 


0 


0(1) 


0(2) 


3(1) 


0 


0 


0 


0 


1 



•Data are shown for various cultures: 3C6 and 5E1 {GGTA1 correctly targeted), 4H2 (randomly integrated GGTA1 targeting vector), and 7G65F4 (untransfected cells) 
were of Finn Dorset origin; YH6 (PrP correctly targeted) was of Bfack Welsh origin. Poll Dorset oocytes were used as recipient cytoplasts throughout. 
^Reconstructed embryos were transferred to temporary recipients, unless the number of oocytes recovered was tow or fusion could not be seen and In vitro culture 
(additional embryos shown In parentheses) was adopted. 
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Experimental protocol 

Isolation, culture, and transfection of primary fibroblasts. Black Welsh 
(BW6F2) or Finn Dorset (7G65F4) fibroblasts were recovered from day 35 fetus- 
es as described 1 . Cells were cultured in BHK21 medium (Sigma, St. Louis, MO) 
supplemented with 2 mM glutamine, 1 mM sodium pyruvate, lx nonessential 
amino acids (Life Technologies, Rockville* MD), and 10% FCS (Globe Farm, 
Gilford, Surrey, UK) in a humidified environment with 5% COj. Linearized tar- 
geting construct (10 ug) was electropo rated to passage one 7G65F4 
(125 uP/350 V. GGTA1) or passage six BW6F2 (250 nF/400 V, PrP) cells (5 X 10 s ), 
which were then seeded in 96-well plates (2.5 x 10 3 cells/well). G418 selection 
- (400 u.gfml) was applied after 24 h. At subconfluence, resistant colonies were 
O replica plated to two 96-well plates for DNA analysis or cryopreservation. 
o 

£ Targeting constructs. Promoterless vectors, with neo-pA sequence 
3 (Stratagene, La Jolla, CA) adjacent to the endogenous gene start codon, were 
g used to target the GGTAl and PrP loci. The GGTAl vector was constructed by 
£ amplifying a truncated left arm (300 bp; using primers 199001, 5'-ACGTG- 
g GCTC CAAGAATTCTCCAGGCAAG AGTACTGG -3' and 199006, 
O S'-CATCTTGTTCAATGGCCGATCCCATTATTTTCTCCTGGGAAAA- 
13 GAAAAG-3', with tail complementary to the start of neo coding sequence) 
and neo-polyA sequence (using primers 199005, 5'<:TTTTCTTTTC- 
3S CC AG G AG AAAATAATG GG ATCG G CCATTGAACAAG ATG -3'» with tail 
^ complementary to left arm, and 199004, 5 ' - CAGGTC G ACG G ATCCG AA- 
g* CAAAC-3'). These fragments were used to prime from each other to give a 

2 12 kb fusion product This was ligated to intron 3 sequence (1 kb EcoRV- 
O HcoRI fragment), to extend the left arm, and to -9 kb (EcoRV partial 
j? digest-Norl) of 3' sequence to create the right arm. 

£ The PrP vector was constructed by amplifying the left arm (2.4 kb; using 
£ primers prp6F, 5'-CCG AGCTCG CCAATTTC ATGG CTGCAGTCACC- 3'; 
■Q and prp7R, 5'-CGATCCCArcATGACTTCTCTGCAAAATAAAG-3', with tail 
rZ complementary to the start of neo coding sequence) and neo-polyA sequence 
£ (using primers prplOF, 5'-G AG AAGTCATCATGG G ATC G GCCATTG AACA- 

3 3', with tail complementary to left arm; and prp8R, 5'-TGCAGGTCGACG- 
2 G ATCCGAA-30. These fragments were used to prime from each other to give 

a 3.3 kb fusion product, which was ligated to a 3 kb Kpnl fragment to com- 
§ pie te the vector. 

04 The GGTA 1 or PrP vectors were linearized with Notl or Sad, respectively, 
® before electroporation. 

Ss£ DNA analysis. Drug-resistant colonies were screened for targeting events by 
^ PCR. DNA was isolated in 96-well plates by overnight lysis (50 mM Tris, 
pH 8, 20 mM ethylenediamine tetraacetate, 100 mM NaCl, 0.3% sodium 
dodecyl sulfate, 10 mg/ml proteinase K), then isopropanol precipitated, and 
pellets were resuspended in 50 ul TE (10 mM Tris-HCl, 1 mM EDTA. pH 8). 
Amplification was performed using Roche Expand HiFi kit, with 1 ul DNA 
template. Primer locations are indicated in Figure 2: Gl (5'-CAGCTGT- 



GTGGGTATGGGAGGG-3'); G2 (5'-CTGAACTGAATGTiTATCCAGGC- 
CKTG-y); G3 / P3 (5'-AGCCGATTGTCTGTTGTGCCCAGTCAT-3*); PR1 
(5'-TTCAGTCGCTCTGTTGTGTC CCA-3');P2 (5'-AGCATCCCTC CTGC- 
CTTCAG TTCTTC-3'). Cycling conditions for GGTAl were 94°C, 2 
min/94°C, 30 s/ 65°C, 30 s / 68°C 2.5 min (10 cycles); 94°C, 30 s / 65°C 30s/ 
68°C, 2.5 min + 5 s per cycle (20 cycles); 68°C, 7 min. For PrP the elongation 
phase was increased to 4 min. Products were analyzed by agarose gel elec- 
trophoresis. 

For Southern blot analysis, genomic DNA was digested with BamW. or BgK 
{GGTA1 or PrP, respectively) and blotted to Ambion bright star membrane 
according to manufacturers instructions. Diagnostic bands were detected 
using Ultrahyb (Ambion, Austin, TX) with DNA probes corresponding to neo 
sequence (Stratagene), GGTA1 5' probe (a 100 bp fragment was produced by 
PCR using forward [CAGCTGTGTGGGTATGGGAGGG] and reverse 
[CTAACTACGTGCTCCGCCGTTCA] primers) or PrPS'probe (correspond- 
ing to 16,701-17,151 bp of accession no. U67922, Entrez, NCBI). 

Nuclear transfer. Somatic cell nuclear transfer was based on the method of 
Wilmut*. Oocytes were collected from superovulated Poll Dorset ewes in PBS 
with 1% FCS and transferred immediately to calcium-free HEPES-buffered 
synthetic oviduct fluid 19 (SOF) for removal of cumulus and enucleation. If 
necessary, cumulus was removed by pipetting in 600 IU/ml hyaluronidase. 
Oocytes were exposed to 5 ng/ml Hoechst 33248 and 7.5 ug/ml cytochalasin 
B. Sheep fetal fibroblasts were cultured for three to five days in serum-defi- 
cient medium (0.5% FCS) before use as karyoplast donors. Simultaneous 
fusion of donor cells and recipient oocytes, and activation of the recipient 
oocytes, was achieved by three consecutive 80 us pulses of 1.25 kV/cm 2 in 0.3 
M mannitol, 0.1 MgCl* and 0.05 mM CaCl 2 . Reconstructed embryos were 
incubated for six days (in vitro culture) or overnight (in vivo culture) in SOF 
solution supplemented with BSA in an atmosphere consisting of 5% 0 2 , 5% 
COt, and 90% N 2 at 38°C For in vivo culture, following the overnight culture, 
embryos were embedded in 1 % agar chips in PBS and transferred into the lig- 
ated oviduct of an estrus-synchronized recipient ewe for an additional six 
days. Morula and blastocyst stage embryos were recovered seven days post- 
activation to the uteri of estrus-synchronized ewes (one to two 
embryos/ recipient). Pregnancies were monitored using subcutaneous ultra- 
sound scanning. 
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Hyperacute rejection of porcine organs by old world primate 
recipients is mediated through preformed antibodies against 
galactosyl-a-1,3-galactose (Gala-1,3-Gal) epitopes expressed on 
the pig cell surface. Previously, we generated inbred miniature 
swine with a null allele of the <*-1,3-galactosyltransf erase locus 
{GGTA1) by nuclear transfer (NT) with gene-targeted fibroblasts. 
To expedite the generation of GGTA1 null pigs, we selected 
spontaneous null mutant cells from fibroblast cultures of heterozy- 
gous animals for use in another round of NT. An unexpectedly high 
rate of spontaneous loss of GGTA1 function was observed, with 
the vast majority of null cells resulting from loss of the WT allele. 
Healthy piglets, hemizygous and homozygous for the gene- 
targeted allele, were produced by NT by using f ibroblasts that had 
undergone deletional and crossover/gene conversion events, re- 
spectively. Aside from loss of 6ala-1,3-Gal epitopes, there were no 
obvious phenotypic differences between these null piglets and WT 
piglets from the same inbred lines. In fact, congenital abnormalities 
observed in the heterozygous NT animals did not reappear in the 
serially produced null animals. 

Antibodies against galactosyl-a-l,3-galactose (Galo£-l,3-Gal) 
residues on cell surface glycoproteins of pig cells mediate 
hyperacute rejection of porcine organs in primate model recip- 
ients and are the most immediate barrier to successful clinical 
xenotransplantation (1, 2). High levels of preformed "natural" 
antibodies against the Gala-1,3-Gal epitope are found m humans 
and old world primates, following evolutionary loss of the 
corresponding galactosyltransferase activity (encoded by 
GGTA1) (3). The presence of these antibodies, along with the 
high density of Gala-1,3-Gal residues on most pig cells (4), 
suggests that elimination of GGTA1 function would provide a 
practical means of overcoming both hyperacute rejection and 
subsequent acute or chronic tissue damage associated with 
antibody binding to this epitope. 

The lack of GGTA1 function in humans and old world 
primates, along with the viability of GGTA1 knockout mice 
produced with embryonic stem cell technology (5, 6), suggested 
that a knockout strategy might be biologically feasible in pigs. 
The cloning of sheep (7) and subsequently pigs (8-10) by nuclear 
transfer with somatic cells has made attempts to knockout the 
GGTA1 locus in pigs technically feasible. 

We have previously reported the generation of GGTA1 
heterozygous inbred miniature swine using nuclear transfer 
with gene-targeted fibroblasts (11). Starting with heterozygous 
fibroblasts from such animals, we now report the isolation of 
GGTA1 null cells with spontaneous loss of the WT allele. The 
rate of loss of heterozygosity (LOH) was several orders of 
magnitude greater than typically expected, an observation that 
may be related to the inbred background of the heterozygous 
animals. LOH resulted in some cases from deletion of the WT 



allele and in others from either somatic crossing over or gene 
conversion. Similarly high rates of somatic recombination, 
subject to modulation by genetic background and chromo- 
somal structure, have been reported in the mouse (12). 
Generation of healthy piglets with both hemizygous and 
homozygous GGTA1 null cells demonstrates that such somatic 
LOH mutations can be introduced into large animal genomes 
by nuclear transfer, in a manner analogous to that using murine 
embryonic stem cell chimeras (13). 

Methods 

GGTA1 Heterozygous Cell Lines. 355-F1. Fetus 355-F1 was generated 
by nuclear transfer from cultured ear fibroblasts of pig 0212-2, 
a GGTA1 heterozygote in which one allele has been inactivated 
by homologous recombination with vector pGalGTAS-Neo (11). 
Cells were isolated at day 33 of gestation by digestion with 
collagenase/thermolysin (Blendzyme 3, Roche Diagnostics, In- 
dianapolis, IN) and cultured in Ham's Nutrient Mixture F10 
(Invitrogen Life Technologies, Baltimore) containing 20% FBS. 
PL556. Piglet PL556 was derived by nuclear transfer. The donor 
cell clone, F501-F4, was produced by targeting of fetal fibroblasts 
from WT fetus F501 with vector pGalGTAS-Neo, as described 
(11). PL556 cells were cultured in high glucose DMEM (Invitro- 
gen Life Technologies, Baltimore) containing 10% FBS and 0.1 
mM 2-mercaptoethanoL 

Cell culture for all work reported here, beginning with tissue 
acquisition, was done in the absence of G418. 

Nuclear Transfer (NT). For generation of piglets from clonal null 
cell lines, oocytes from sow ovaries were purchased (BoMed, 
Madison, WI), and NT was performed as described (11). The 
surviving embryos, possessing an intact plasma membrane, were 
selected for transfer into recipients after culture for 18-22 h. 
Potential domestic recipients were heat checked twice a day. 
Depending upon the exact time of estrus, 100-180 NT-derived 
embryos were transferred into recipient oviducts 5-17 h or 20-36 
h after the onset of estrus for day 0 and day 1 recipients, 
respectively. 
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For NT with nondonal null cell-enriched populations, oocyte 
maturation, NT, embryo culture, and embryo transfer into 
recipient females were performed as described (8), except that 
female recipients were selected that exhibited first standing 
estrus within 12 h of cybrid activation. 

Baboon Natural Antibody. Anti-Gala-1,3-Gal antibodies from na- 
ive baboon plasma (natural antibody, NAb) were affinity- 
purified by absorption to Gala-1,3-Gal LB-VI matrix columns 
(14) (Alberta Research Council, Alberta, Canada). The bound 
NAb was eluted from the column in 0.25% acetic acid, neutral- 
ized, and dialyzed against PBS before concentration and sterile 
filtration. 

Null Cell Selection. To enrich for GGTA1 null cells in fibroblast 
cultures, 355-F1 cells and PL556 cells were cultured in F10 
medium containing 20% FBS and 20 ^g/ml gentamycin on 
collagen I-coated dishes at 5% C0 2 , 3% 0 2 , and 37°C. The above 
cell lines were treated in suspension at 2 X 10 6 cells/ml in 100 
Ltg/ml affinity-purified baboon NAb in media for 30 min at room 
temperature with mixing. After washing, cells were then treated 
with 12.5% baby rabbit complement (Pel-Freez Biologicals) 
containing DNase I (10 ^g/ml) in media for 45 mm at room 
temperature with mixing. Surviving cells were counted and 
plated in bulk culture and expanded for subsequent treatments. 
This selection was repeated three times for 355-F1 cells and 
twice for PL556 cells. Selections were performed every 7-10 
days with the fourth selection of 355-F1 performed 3 days after 
the third selection. Before each NAb/complement selection, 
cells were analyzed for the presence of Gaio£-l,3-Gal epitopes 
with FITC-conjugated BS-I-B 4 . . . 

For clonal selection, 355-F1 cells were treated twice in sus- 
pension as above with 50 /ig/ml NAb and 12.5% complement, 
with 4 days between treatments. After the second treatment 
cells were plated at 5 and 10 cells/well in collagen I coated 
96-well plates. In situ treatments with 100-500 ^g/ml NAb for 
1 h at 37°C and 12.5% complement for 1 h at 37°C were 
performed every other day for treatments 3-5. Wells containing 
patches of cells covering >15% of the well were transferred to 
a 48-well plate and treated the following day in situ with 5UU 
^g/ml NAb and complement. Cells were passaged for molecular 
analysis, BS-I-B4 analysis, and freezing. 

Flow Cytometry Analysis. Gala-1,3-Gal epitope expression was 
analyzed with FITC-conjugated BS-I-B4 lectin (Sigma). Unfixed 
cells were stained for 5 min at 37°C in 4 M g/ml lectin, washed, 
and then resuspended in buffer containing propidium iodide 
(PI) Fluorescence data were collected on a Becton Dickinson 
FACScan, and analysis of PI excluding cells was performed by 
using CEIXQUEST flow cytometry software (BD Immunocytom- 
etry Systems). 

Quantitative Southern Blots. Genomic DNA was digested with 
4/ZIII, which generates a 1,280-bp fragment of the WT GGTA1 
allele (sites at bp 9 and bp 1,289 of GenBank accession number 
AF221517) and a 2,330-bp fragment of the pGalGTAS-neo 
targeted allele (11). Southern blots were simultaneously probed 
with 32 P-labeled RNA transcripts from the exon 9 portion of this 
fragment (bp 776-891 of GenBank accession number 
AF221517) and a portion of the porcine DQ-0 locus (bp 
901-1015 of GenBank accession number M31497). Phosphor- 
screen autoradiography was performed on a STORM 820 Op- 
tical Scanner, and area quantitation was done with imagequant 
5.2 software (Molecular Dynamics). 

Microsatellite Analysis. PCR was performed by using WellRED- 
labeled primers, and the reactions were analyzed on a CEQ2000 
sequence analyzer (Beckman Coulter). Markers Sw2518 and 
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Swl430 map to porcine chromosome 1 at *«67 cM and 58 cM, 
respectively; combined radiation hybrid and genetic data place 
the GGTA1 locus at ~115-122 cM (www.genome.iastate.edu/ 
pig). Heterozygosity of marker Sw2518 in fetus 355-F1 and 
Swl430 in piglet PL556 was confirmed by segregation of alleles 
within the respective inbred miniature swine lineages. 

Complement-Mediated Lysis. Lysis [lactate dehydrogenase (LDH) 
release] and metabolism {conversion of MTS [3-(4,5- 
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-suifo- 

phenyl)-2H-tetrazolium, inner salt]} were measured by using the 
Cytotox 96 NonRadioactive Cytotoxicity and CellTiter 96 Aque- 
ous One Solution Cell Proliferation assays (Promega), respec- 
tively. Human serum was prepared by heat inactivation of a pool 
from 10 untyped individuals. Preparation of affinity-punfied 
baboon NAb was as described above. Baby rabbit complement 
was obtained from Pel-Freez Biologicals. Normal human dermal 
fibroblasts (Cambrex Bioscience, Walkersville, MD) served as 
Gala-1,3-Gal negative cell controls. 

Two days after plating in triplicate wells, subconf luent fibro- 
blasts were incubated in medium (Ham's Nutrient Mixture F10, 
5% FBS) containing NAb or human serum for 30 min at 37°C 
The ceils were washed twice with Ham's Nutrient Mixture F10 
and then incubated for 60 min at 37°C in the above medium 
containing 12.5% rabbit complement. Medium from this incu- 
bation was assayed for LDH release. Remaining cells were 
incubated in medium containing 16.5% MTS for 2 .5-3 h. After 
incubation, 25 p,l of 10% SDS was added to all wells, and the 
medium was assayed for MTS conversion. Samples from tripli- 
cate "no cell" controls for each treatment condition were used 
to correct for assay background. For MTS assays, corrected 
average values are expressed as the percentage of corrected 
absorbance without NAb or serum for each line. For LDH 
assays, corrected average values are expressed as the percentage 
of corrected average absorbance after detergent lysis for each 
line. LDH release using anti-pig pan tissue mAb 1030h-l-19 (BD 
Biosciences PharMingen) was used as a positive control for 
porcine cell lysis, with similar titrations obtained for all three 
porcine fibroblast lines (data not shown). 

Results 

Selection of GGTA1 Null Lines and Clones from Fetal and Neonatal 
Heterozygous Cell Lines. Two sources of heterozygously targeted 
primary fibroblasts were chosen for selection of GGTA1 null 
cells (Fig. 1). Fibroblasts from fetus 355-F1 were isolated at 33 
days gestation after NT using ear fibroblasts from GGTA1 
heterozygous gilt 0212-2. 0212-2 was itself generated by NT by 
using gene-targeted fetal fibroblast clone F7-H6 as described 
(11) Similarly, ear fibroblasts from male GGTA1 heterozygous 
neonate PL556 were isolated after NT by using gene-targeted 
fibroblast clone F501-F4. 

Approximately 1.5 X 10 7 cells from established cultures of 
both sources were depleted of Gala-1,3-Gal epitope-bearmg 
cells by lysis with affinity-purified baboon antibodies against the 
epitope in combination with complement. Enrichment for Gala- 
1 3-Gal-negative cells was monitored by flow cytometry analysis 
with FITC-labeled BS-I-B4 lectin, which binds specifically to 
Gala-1,3-Gal epitopes. Initial depletions resulted in recovery of 
M).l% of the cells, 7-15% of which were Gala-1,3-Gal negative. 
After 3-4 rounds of selection and expansion, these populations 
were essentially devoid of BS-I-B4 binding cells (Fig. 2). DNA 
prepared from the null selected populations was analyzed by 
PCR that distinguishes WT and targeted GGTA1 alleles. The 
absence of a readily detectable WT band indicated that the vast 
majority of these cells had undergone at least partial loss of the 
WT allele (Fig. 2). This loss of heterozygosity in the GGTA1 null 
cells is compatible with chromosome loss and reduplication, 
interstitial deletion, or somatic recombination. 
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Fig. 1. Derivation of GGTA1 null pigs. 



Clonal null lines were isolated from a 355-F1 cell population 
that had been previously enriched for null cells by NAb/ 
complement depletion. The recovery rate of null clones from the 
initial heterozygous lines was -10" 4 in two separate trials. 
Microsatellite analysis of 28 clones with centromere proximal 
marker Sw2518 (heterozygous in 355-F1) revealed that all clones 
remained heterozygous at this locus, indicating that chromosome 
loss and reduplication was not the mechanism for loss of 
heterozygosity (LOH) in these clones. DNA samples from four 
of these clonal lines (Q2, Q9, Q32, and Q37), along with the 
355-F1 and PL556 null selected populations, were analyzed by 
quantitative Southern blotting by using an exon 9 GGTA1 probe 
present in both the targeted and WT alleles. A probe for the 
nonlinked porcine SLA DQp gene served as a diploid copy 
number control (Fig. 3). In both null selected populations and all 
four clones, only a targeted length GGTA1 allele was detected. 
In two null clones (Q2 and Q32) a DQp/GGTAl signal ratio of 
~2:1 was obtained, demonstrating deletion of at least a portion 
of the WT GGTA1 allele present in 355-F1. In comparison, 
clones Q9 and Q37 had DQB/GGTA1 signal ratios of -1:1, 
indicating that loss of heterozygosity in these clones occurred 
through either somatic crossing over or gene conversion. Efforts 
to distinguish between these mechanisms by microsatellite anal- 
ysis were unsuccessful because no heterozygous markers distal to 
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Fig 2 Selection of GGTA1 null cells from heterozygously targeted fibro- 
blasts Fibroblasts from heterozygous fetus 355-F1 (A) and neonatal piglet 
PL556 (S) were analyzed by flow cytometry for binding to FITC-conjugated 
Gala-1 3-Gal-specificlectin BS-I-B 4 - 355-F1 4X and PL556#3R populations (sol. d 
lines) were selected four and three times, respectively, by lysis with affinity- 
purified baboon NAb and complement. Stained cells before selection (broken 
lines) and unstained selected populations (solid lines) served as positive and 
negative controls for BS-I-B4 binding. (Q Genomic DNA from the above cell 
populations (and WT fetus F7) was analyzed by PCR by using a f orward primer 
upstream of the selection cassette of the GGTA1 targeting vector (F 527) and 
a reverse primer (GR2520) downstream of the vector end, as described (11). 
Sad digestion yields a 2,300-bp band from the targeted GGTA1 allele, a 
1 250-bp band from the WT allele, and a 7,900-bp band common to both 
alleles The WT band is not detected after NAb/complement selection. 



Sw2185 were identified in fetus 355-F1 from among 24 tested. 
Sequencing of the junctions between exon 9 and the G418 
selection cassette in clones Q9 and Q32 revealed no evidence of 
nucleotide heterozygosities (data not shown). 

Generation of GGTA1 Null Pigs by NT. NT was performed by using 
the four clonal fetal cell lines characterized by Southern analysis 
(Q2, Q9, Q32, and Q37), as well as the null cell population 
selected 'from neonate PL556. Embryo transfer results are 
summarized in Table 1. 

Transfers with embryos reconstructed using the 355-F1- 
derived clonal lines Q2 and Q32 each resulted in one pregnancy 
to term. A single mummy was recovered from the recipient of 
Q2-derived embryos. The recipient carrying Q32-derived em- 
bryos delivered two live born female piglets, 0177-1 and 0177-2, 
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Fig. 3. Quantitative Southern blot analysis of NT donor lines. Genomic DNA 
from the indicated sources was digested with restriction enzyme Afflll, South- 
ern blotted, and hybridized simultaneously with a 1 16 : bp probe from exon 9 
of the GGTA1 locus and a 107-bp probe from the porcine SLA DQ& locus. The 
GGTA1 probe hybridizes a 1.3-kb WT fragment and a 2.3-kb gene-targeted 
fragment containing an IRES-neo selection cassette. DNA from WT (F7) and 
heterozygous (355-F1 and PL556) fibroblasts, before NAb/complement selec- 
tion, served as controls. 355-F1 4X and PL556#3R samples were prepared from 
cell populations selected four and three times, respectively, with affinity- 
purified baboon NAb and complement. Q series samples were from clonal ceH 
lines isolated from 355-F 1 fetal fibroblasts. Signal quantitation was performed 
on a Storm 820 Phosphorlmager and graphed as absolute values for the DQ£ 
locus (■), targeted GGTA1 allele (H), and WT GGTA1 allele (□). 
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Table 1. Nuclear transfer with GGTAI null cells 

Cell line Transfers Pregnant Births 



Q2 
Q9 
Q32 
Q37 

PL556#3R 



4 
3 
6 
5 
30 



2 1 

2 0 

3 1 0177-1 and -2 born 11/18/02 
3 0 

7 2 PL742-744 born 1/13/03 



by means of caesarian section. 0177-1 weighed 575 g at birth, was 
healthy, and continued normal growth thereafter. Littermate 
0177-2 was undersized (275 g) and died shortly after delivery. 

Transfers with embryos reconstructed using the null selected 
cell population from neonate PL556 also resulted in two preg- 
nancies to term. Two dead, late-stage fetuses were obtained by 
caesarian section from one surrogate. The other surrogate 
farrowed three healthy male piglets (PL742, PL743, and PL744) 
weighing 550, 320, and 450 g, respectively. ~~~ A1 

No evidence of cataract formation, seen previously in OU1A1 
knockout mice (5, 6), or other phenotypic differences between 
the GGTAI null pigs and naturally produced WT miniature 
swine were observed. 

Molecular Analysis of GGTA1 Null Pigs. DNA from the five NT 
piglets described above was analyzed by quantitative genomic 
Southern blotting and microsatellite analysis. Piglets 0177-1 and 
0177-2 were found to be hemizygous for the targeted GGTAI 
allele, consistent with their derivation from the Q32 donor cell 
clone (Fig. 4). Also as expected, both piglets were heterozygous 
for marker Sw2518. 

In contrast to the Q32 derived piglets, all three piglets 
(PL742-744) derived from the nonclonal PL556 null selected cell 
line were homozygous for the gene-targeted GGTAI allele (Fig. 
4) A single heterozygous microsatellite marker, Swl430, was 
found from among 26 markers tested in piglet PL556. This 
centromere proximal marker remained heterozygous in all three 
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Fig. 5. GGTA 1 expression in fibroblasts from null piglets and progenitors. A 
Northern blot of poly(A)+ RNA was hybridized to a 1 .4-kb probe containing 
portions of exons 2-9 of the GGTA1 gene. WT F7 fibroblasts express a 3.6-kb 
transcript whereas cells from 355-F1 and PL556 heterozygotes express both a 
3.6-kb transcript from the WT locus and a 4.7-kb transcript from the targeted 
locus. Only the 4.7-kb transcript is detected in fibroblasts from the null piglets. 



PL556 derived GGTAI homozygous piglets. As with homozy- 
gous cell clones Q9 and Q37, no nucleotide heterozygosities were 
found at the junctions of GGTAI exon 9 and the G418 selection 
cassette in the three homozygous piglets (data not shown). 
Consistent with the hemizygous and homozygous targeted ge- 
notypes of these piglets, only RNA compatible with transcription 
from a targeted locus was observed upon Northern blot analysis 
(Fig. 5). 

Phenotypic Characterization of Cells from GGTA1 Null Piglets. Fibro- 
blast cultures from ear explants of the four surviving null piglets 
were stained with FITC-labeled BS-I-B 4 lectin and examined by 
flow cytometry for evidence of cell surface Gala-1,3-Gal 
epitopes (Fig. 6 A and B). No fluorescence above that obtained 



Fig 4 Quantitative Southern blot analysis of GGTAI null piglets. DNAfrom 
niqlets 0177-1 and 0177-2 (produced by NT with null fibroblast clone Q32) 
and piglets PL742-744 (produced by NT with the PL556#3R NAb/complement 
selected fibroblast population) was analyzed as described in the legend to Fig 
3 DNA from heterozygous 355-F1 and PL556 fibroblasts, without NAb/ 
complement selection, served as controls. Shown are DQ0 locus (■), targeted 
GGTA1 allele (ffl. and WT GGTA1 allele (□). 
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Fig. 6. Flow cytometry analysis of Gala-1,3-Gal epitopes on GGTAI null 
piglets and progenitors using BS-I-B4 lectin. Stained heterozygous or WT ceMs 
(red) and unstained cells (black) served as positive and negative controls. (A) 
Stained (blue) and unstained (black) ear fibroblasts from GGTA 1 ' null pig et 
0177-1 and fetal fibroblasts from heterozygous progenitor 355-F1 (red), w 
Stained ear fibroblasts from null piglets PL742 (orange), PL743 (blue) and 
PL744 (green); stained (red) and unstained (black) fetal fibroblasts from 
heterozygous progenitor 355-F1. (O Stained (blue) and unstained (black) 
multilineage white blood eel Is from 01 77-1 at 6 weeks of age and stained WBC 
from an age-matched WT control (red). 
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with unstained fibroblasts was observed. Similar results were 
obtained with Galo:-l,3-Gal-specific mAb M86 (not shown). 
Epitope expression was also examined on multihneage white 
blood cells from 0177-1 at 6 weeks of age, with none detectable 
(Fig. 6C). 

Susceptibility of fibroblasts from null piglet 0177-1 to com- 
plement-mediated lysis by purified baboon anti-Gala-l,3-Gal 
antibodies and heat inactivated human sera was assessed by using 
enzyme release and metabolic activity- assays (Fig. 7). With 
purified antibodies, the EC 50 for WT and GGTA1 heterozygous 
fibroblasts was <20 ixg/ml in both assays whereas concentrations 
up to 250 fxg/ml had no effect on 0177-1 cells. Similarly, 0177-1 
fibroblasts also have far greater resistance to human sera and 
complement although partial lysis and metabolic inhibition were 
seen at the highest serum concentration. 

Discussion 

Using NT with cells selected for loss of GGTA1 expression from 
gene-targeted heterozygous cell populations, we have produced 
healthy null piglets with two distinct LOH genotypes. The 
stringent selection for loss of function available for this locus 
permitted efficient selection of GGTA1 null cell clones from 
heterozygous fetal cell cultures and sufficient enrichment from 
heterozygous neonatal cell cultures for use directly in NT. 

The WT fetal progenitors for the piglets reported here were 
two inbred miniature swine, with inbreeding coefficients of 0.86 
and 0.91 for fetuses F7 and F501, respectively. Mouse cloning 
experiments have demonstrated a severe decrease in viability of 
highly inbred embryos generated entirely by NT and, from many 
strains, an absolute failure to obtain viable mice (15, 16). 
Inbreeding in the miniature swine lines, at least to this point, has 
not resulted in a dramatic decrease in viability although some 
decrease in NT efficiency in comparison with commercial lines 
used in unrelated studies seems likely. However, the nature and 
frequency of spontaneous second allele mutations seems to be 
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greatly influenced by the inbred genetic background. The re- 
covery rate of mutant cells we observe resulting from LOH, 
~10 -4 , is several orders of magnitude greater than that typically 




Fig. 8. GGTA1 null and heterozygous pigs produced by NT. {A) Third-round NT 
piglet 0177-1, produced using GGTA1 null donor cells selected from second- 
round heterozygous fetus 355-F1 (age 66 days). (0) First-round NT pig 021 2-2 (1 1). 
ear fibroblasts from which served as NT donor cells for fetus 355-F1 (age 3 
months). Eye and ear defects in this pig are not observed in 0 1 77-1 , nor were they 
apparentat33daysgestation infetus355-F1 or any of its 11 clonal littermates. (Q 
Second-round NT piglets PL742-744, produced using GGTA1 null donor cells 
selected from first round heterozygous neonate PL556 (age 9 days). 
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expected in mammalian somatic cells. We have obtained similar 
results after null selection of fibroblasts from inbred GGTA1 
heterozygous piglets produced by mating (D.K-S. and DJJ.R., 
unpublished observations), indicating that the high LOH rate is 
unrelated to the NT process itself. Furthermore, our results 
contrast markedly with those obtained in attempts to isolate 
GGTA1 null cells on a commercial genetic background, in which 
mutants were obtained at rates of <10" 6 . Phelps et al. (17) used 
Toxin A from Clostridium difficile to select against Gala-1,3-Gal 
epitope-bearing cells after transfection of heterozygously tar- 
geted cells with a second targeting vector. Although no doubly 
targeted cell clones were obtained, a single clone with a missense 
mutation in the nontargeted allele was isolated. Sharma et al 
(18) using a similar antibody and complement selection with 
heterozygously targeted cells, isolated 11 resistant cell clones 
from a starting population totaling 2 X 10 7 cells. Southern blot 
analysis of two of these cell clones indicated loss of the nontar- 
geted allele although the mechanism of loss was not further 
investigated and no pigs were produced by using the antibody 

resistant lines. . 

Although not observed in noninbred pigs, the rate ot UJhL in 
our inbred pig lines is almost identical to that reported for 
2,6-diaminopurine (DAP) selection of spontaneously generated 
null fibroblasts from heterozygous mice bearing a gene-targeted 
Aprt allele. Shao et al. (19), using 129/Sv X C3H/HeJ hybrids, 
observed LOH in 92 of 113 DAP-resistant clones. In all.cases, 
LOH resulted from somatic crossovers that occurred at vanous 
points, with a distribution biased toward the region just proximal 
to the Aprt locus. The propensity for somatic crossing over in this 
system was subsequently found to be dependent on chromosomal 
homology because hybrid mice bearing the relevant homologs 
from distantly related strains yielded much lower frequencies of 
spontaneous Aprt mutant fibroblasts and none of the mutant cell 
clones recovered were recombination derived (20). Thus, it 
seems likely that the GGTA1 homozygous cells used in NT to 
produce the PL742-44 null piglets also arose through somatic 
crossing over. However, due to the lack of heterozygous markers 
in the F501 fetal progenitor, a gene conversion mechanism 
cannot be formally excluded. It is interesting to note that, if the 
homozygous donor cells did arise through a somatic crossover, 
then the pigs would carry a partial uniparental disomy for 
chromosome 1 distal to the crossover. 

In slight contrast to the above Aprt studies, Ponomareva et aL, 
using the same gene-targeted Aprt allele on a C57BL/6 x 
DBA/2 background, selected spontaneously generated mutant 
cell clones with similarly high rates of both somatic crossover 
events and interstitial deletions (21). We have also recovered 
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both hemizygous and homozygous null lines in all clonal null 
selection experiments performed with GGTA1 heterozygous 
lines. Whereas neither deletional breakpoint seems to map 
within the GGTA1 locus in hemizygous piglet 0177-1, interstitial 
deletion mutant cell clones with one or both breakpoints within 
the GGTA1 locus have been isolated in selections of other 
heterozygous fetal and neonatal ear fibroblast lines (D.K-S. and 
DJJ.R., unpublished observations). Thus, for deletional events 
at least, LOH in our inbred derived fibroblast lines is a heter- 
ogeneous process. 

Heterozygous piglets 0212-2 and PL556, from which ear fibro- 
blasts were isolated for second allele mutation selection, were 
produced early in the program and both were developmentally 
deficient. PL556 was undersized and died shortly after birth from 
acute respiratory distress. Although in good health and reproduc- 
tively sound to date, 0212-2 was bom with one eye, small earf laps, 
and no patent ear canals (11). A variety of congenital abnormalities 
have been reported in cloned pigs (11, 22) as well as other species 
(22, 23), some of which arise through epigenetic errors in repro- 
gramming (24). Unlike the joint and cardiopulmonary defects not 
uncommonly observed, the deficits in 0212-2 must have arisen at 
a relatively early stage of development. Whereas it might be 
assumed that these aberrant phenotypes would be magnified only 
by additional in vitro manipulation and NT, the generation of 
normal, healthy piglets reported here (Fig. 8) clearly demonstrates 
that production of normal NT-derived progenitor animals is neither 
required, nor necessarily advantageous, when performing sequen- 
tial genetic modifications. 

Serial NT has allowed us to produce a-l,3-galactosyltrans- 
ferase null piglets in a considerably shorter timeframe than 
would be required for standard breeding from heterozygotes. 
Although the inbred miniature swine lines used here were 
chosen specifically for their advantages for xenotransplantation 
(25), they also serve to demonstrate the dramatic effect that 
genetic background can have on rates of spontaneous somatic 
mutational events in a large animal model. That somatic recom- 
binational and deletional events are not necessarily associated 
with other deleterious events suggests that appropriate strain 
selection or construction may be useful in introducing some 
genetic modifications by means of NT. 
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Abstract 

Miniature pig is an attractive 'animal for a wide range of research fields, such as medicine ami pharmacology, 
because of iis small size, the possibility of breeding it.under minimum environmental contruts ami the physiology 
that is potentially similar. u\ Uiat .of human. Aithoug.lv transgenic technology is useful for the analysis of gene 
function and for; the development of model animals- for various diseases, 'there liayc not yet been any reports 
on prtHlucing transgenic, miniature; pig, : litis- study is/the. (irst successful report concerning the production of 
transgenic miniatim: ^pig by pronuclear microinjection. hunttngtm gene cloned from miniature pig, which 
is, a homblogue of candidate gene (or I lurilmgtorTs tILswscV*^miccleii with rat neuron-specific enolasc promoter 
region. ;was injected inu> a- pronucleus :of fertilized eggs with micromanipulator. The eggs were mmsfcrrcd.inio 
the oviduct of recipients miniature pi£s. .w hose estrus cycles were previously synchronized wtrii a progesterone 
analogue. Avtoiai of 402 "injected eggs from ill; donors .were transferred to 23 synchronized recipients. Sixteen 
of them inaihtained pregnancy arid deli vcrec! 65 young, and one re suited in ahortioh. Five of the. 68 offspring 
( three of which were were determined to have iransgenc by- POR and Sbiithehv uriii|ysis/11ie:.overaII rate 

of Irjhsgetiic ph^uction svas \.2A% (transgcnic/irijccteti eggs). TOs -study vpmv ides the first success and useful 
information regarding, protluction of transgenic miniature pig for biomedical ^research. 



introduction 

Sux M nffet :d(*mestic<i. including domestic pig and. 
miniature pig. is atuactive as a: laboratory animal in 
:i wide range of medical and; pliarM)avv>K'gical. te 
viviivh hc-M; txvuuse iM'Jiuving similar ^;tn;iiiMnical anil 
|»iiVsii»loi:U ;il diaracUrriMlCsio lu'iinail lltuslad & Mc 
i Iv.ltiin. I '0(> I X.ngla>. l'»72V Swindle ci aL VM ). 
1 >»MnL>tiv' pig; has hyv 11 . used Uh' drug testing .uk); a 
-d'iM\i»c .111. '-"icl iMoum ^ Ingram. 1^71 ; Swindle K 
■S mill 1.. Uiwovv-r. the body weight i.!l"' domestic 

h ovci !/ >f k" .pi .1 Hipn1h>-i»l !, ;iev.-i hi contrast. I Ik; 



body weight of Cuiuingen. miniature pig is abo.ul 35- 
40kg at 2 year-old (Bolleii Vfe lillegaard. 1097). and 
that makes an easy handling and a 1 low cpst for main- 
taining the animals '(Mount & Ingram. IWjk -H'oHcri 
it Hilega;ad. iWh Mlierefore. die use -of miniature 
pig. is expecting in many biomedical tields t Svendscn. 

rransgeuic'teclinoIogY in dUhic<tic pig has already 
been recognized, and recently .has received attention' as' 
or^an donors in xciHUransplaiilaiion t( \y./.i;it AMItc. 
I 1 and also ;is a possible bioreiicior pivHtucihg thcr- 
,*ijvu!:v ;moU'i:i.- t< \iiiktojv cl -.iL IV H> J.. Jaime ft 
IWI: VVagucr el .:il.. s .l-'-i:>5; \\'ei. yril l In vVca\ -of 
(lie lV*ii;> : adv.:rtlt_:igC'» of ininiaUil c .pig » 'VCi diMlu>iii' 
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ABSTRACT Cloned pigs were produced from 
cultured skin fibroblasts derived from a H-transferase 
transgenic boar. One 90 day fetus and two healthy 
piglets resulted from nuclear transfer by fusion of 
cultured fibroblasts with enucleated oocytes. The cells 
used in these studies were subjected to an extensive 
culture time, freezing and thawing, and clonal expan- 
sion from single cells prior to nuclear transfer. PCR and 
FACS analysis determined that the cloned offspring 
contained and expressed the H -transferase transgene. 
Microsatelliie analysis confirmed That the clones were 
genetically identical to the boar. The ceil culture and 
nuclear transfer procedures described here will be 
useful for applications requiring multiple genetic: 
manipulations in the same animal. Mel. Reprod. 
Dev. 60: 189-195, 2001. « 2001 Wiiey-bss. Inc. 

Key Words: nuclear transfer; porcine; culture; 
genetic manipulation 



INTRODUCTION 

Cloning by nuclear transfer in do mas tie species was 
first accomplished by the fusion of sheep embryonic 
cells to enucleated unfertilized oocytes (Willudscn, 
1986; Smith and Wilmut, 19H9). These procedures were 
later successfully applied to cattle f Prathor et al., 1987; 
Willadson, 1989: Bondioli et al.. 1990; Barnes et al.. 
1993; Slice et al., 1994 K goats lYong and Yucpang. 
1998K and pigs tlYathor et al.. 1989). Nuclear iransfor 
vvith early embryonic cells did nol have much applica- 
tion for the production of transgenic animals since the 
donor cells were not grown in culture and not readily 
available for genetic mani pulation. The reports by 
Campbell el al. < 199(S* and Wilmut et al. 1 1997 1 that 
live sheep were born after nuclear transfer with donor 
nuclei from cultured cells including somatic cells of an 
adult animal, create i a new opportunity for the 
production -if transgenic animals including those with 
sit-* specific genetic alterations iSchnieke et al.. 1997: 
Mi-frcaih •- al . -iOUO Tin- ability to product: pigs 
rout aim til sj:e specific genetic alterations induced by 
homologous recombination would have great value in 
the development of these animals for human therapeu- 
tic applications. 

200'. WILEY * JSS ; (NC 



Live births of cloned pigs produced by somatic cell 
nuclear transfer have been reported by three indepen- 
dent groups (Bctthauscr et al., 2000; Polcjueva et al., 
2000; Onishi et al., 2000). In the report by Onishi et al. 
(2000) early passage (three population doublings) fetal 
fibroblast nuclei were injected into the cytoplasm of 
enucleated oocytes. Polejaeva et al. (2000) produced 
cloned pigs utilizing granulosa cells from a primary 
culture (time in culture not specified) in a double 
nuclear transfer procedure. In a third report, fetal 
fibroblasts at passage 0 or 2 were fused to enucleated 
oocytes and resulted in live births (Bctthauscr et al., 
2000). Wc report here the birth of live nuclear transfer 
piglets derived from fibroblasts isolated and cultured 
from a 4-montb-old H-transferase transgenic male. The 
II-transforase transgenic male from which fibroblasts 
were isolated was an Fl progeny from a transgenic line 
previously reported (Costa et al, 1999). The donor cells 
used in these studies had been extensively manipulated 
in vitro prior to nuclear transfer. 

MATERIALS AND METHODS 

Manipulation and Culture Media 

Oocyte recovery and all manipulations were con- 
ducted in Beltsville Embryo Culture Medium (BECM) 
(Purscl and Wall, 1996). Following fusion of enucleated 
oocytes and donor fibroblasts, nuclear transfer embryos 
were cultured in NCSU-23 medium (Potters and Wells, 
1993). 

Superovulation of Gilts and 
Collection of Oocytes 

Unfertilized oocytes were recovered from either 
prepubertal or cycling gilts. In the case of cycling gilts, 
estrus was synchronized by oral administration of 
18 mg altrenogest (Rcgu-Mate, HoechsU daily. Alt re- 
nogest was given 5-9 days depending on the stage of 
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ABSTRACT Fetal-derived fibroblast cells were 
transduced with replication defective vectors, contain- 
ing/the enhanced green fluorescent protein (EGFP). 
The transgenic cells were treated with colchicine, 
which theoretically would synchronize the^ cells into 
G2/M stage, and : then used as donor nuclei -for nuclear 
transfer. The donor cells were transferred into the 
perivitalline. space of enucleated ;in vitro matured por- 
cine oocytes, arid fused and activated with electrical 
pulses. A total of 8.3% and 28.6% of reconstructed 
oocytes showed nuclear envelope. breakdown and pre- 
mature ; chromosome condensation 0.5 arid 2 hr after 
activation, respectively. Percentage of pronuclear for- 
mation was 62.5, ,12 hr after activation. Most (91.4%) 
of the 1-ceLI embryos with pronuclei did not extrude 
a polar body. Most (77.2%) embryos on day 5 were dip- 
loid. With in 2 hr after fusion ( strong fluorescence was 
detectable Tin most reconstructed oocytes (92 
fluorescence in all NT embryos became weak 1'5 hr 
after fusion and disappeared when culture to 48 hr. 
But from day 3,. cleaved embryos, at the 2- to 4-cell 
stage started to express EGFP again. On day 7 , 85.8% 
of cleaved embryos expressed EGFP. A.total of 9.4% of 
reconstructed embryos: developed to blastocyst stage 
and 71 ,5% of the blastocysts expressed EGFP. After 
200 :recdnstructed 1 -cell stage embryos were, trans- 
ferred intofour surrogate :gi Its, three recipients were 
found to be ;pregnant. One of them maintained to, term 
and delivered a healthy transgenic piglet expressing 
E6FP. Our data suggest that the combination of trans- 
duction of somatic cells by a replication defective, 
vector with the -nuclear transfer of colchicine-treatecl 
donors is an alternative to produce transgenic pigs. 
Furthermore, the tissues expressing EGFP from desr 
cendents of this pig may be very useful in future studies 
using pigs that require genetically marked cells. 
Mol Reprod. Dev. 62: 300-306, 2002. 
© 2002 Wiley-Liss, Inc. 

©; 2002 WILEY-LISS, INC. 
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INTRODUCTION 

Successful somatic cell nuclear transfer provides a 
promising: method.to produce transgenic animals. This 
concept was-strongly supported by generation of trans- 
genic- sheep (Schnieke et ah, ;L997)i pigs (Park et al.. 
2001), and calves tCibelli et al., .1998), and gene-target- 
ed sheep (McCreath et al., 2000) and pigs (Lalet al., 
,2002), derived from nuclear transfer approaches by 
using transfected somatic, cells. For pigs, somatic cell 
.nuclear transfer has another special significance, as is 
it would allow the use of; genetic, ^modification proce? 
duxes to produce : tissues and organs : from ...cloned pigs 
with reduced immunbgeneticjty for use in. xenotrans- 
plantation. However, there are at least two obstacles 
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for using nuclear transfer approaches to produce trans- 
genic animals. First, senescence of primary somatic 
cells in livestock species is generally seen following 
approximately 30 populations doubling ex vivo in non 
clonal cultures. Second, the efficiency pf nuclear trans- 
fer in all species is very low; One of the many factors 
affecting the efficiency of nuclear transfer is the cell 
cycle phase of donor cells, Wilmut et: al. (1997) using 
sheep mammary cells, stated that the donor cells for 
nuclear; transfer must be in GO of the cell cycle (quies- 
cent phase);. But Cibelh et al. (1998) showed that, cycl- 
ing cells, winch contain cells m different cycle stages, 
could be: successfully used for nuclear transfer in cattle, 
We argued that G2/M stage synchronized donor nuclei 
might represent an advantage,, compared to other cell 
cycle-stages used in nuclear transfer (Prattler, 2000), 
when considering nuclear-cy ^topiasnucsynchrpnization 
of karyopiasts and cytoplasts. This argument was sup- 
ported by some early studies. on nuclear transfer using 
G2/M stage blasfomeres; as nuclear donors 'to produce 
cloned mice (Cheonget al:, 1993, 1994) and sheep (Liu 
et al., 1997), and recent successes of using G2M stage 
embryonic stem (ES) cells as donors , to produce cloned 
mice (Wakayama et al., 1999; Amano et al., 2001; Zhou 
et ;al, 2001). We questioned whether differentiated 
somatic, cells in G2/M; stage could be used to, produce 
cloned animals. 

We, therefore, used a replication defective vector 
to transduce fetal fibroblasts* followed by. treatment of 
colchicine, which 'theoretically would, synchronize :the 
cells into G2/M cell cycle stage^aiid subsequently used 
these cells as donor nuclei to conduct nuclear transfer, 
producing a transgenic cloned pig expressing; the en- 
hanced green fluorescent protein (EGFP). 

MATERIALS AND METHODS 
Preparation of Donor Cells 

A : day 35 crossbred porcine fetus was obtained from a 
pregnant gilt The tissue was cut into small pieces With 
fine scissors; The cells were incubated for 3 0 min at; 
'37°C in< PBS containing 0.05% trypsin and: 0.02 mM 
EDTA, then the suspension was centriftigcd. The , cell 
pellet was resusperided and cultured in EKilbecco's 
Mc^fied Eagle's medium (DMEM) supplemented with 
2 mM L-glutarnine, 0.1 mM Na-pyruvate, 75 ugfrril 
penicillin G,: 50 ^g/ml streptomycin, and 15% (v;y) FCS. 
The. cells were passaged seven times. To transduce the 
fetal-derived fibroblasts, a replicationrdefective vector 
based on Moloney murine leukemia virus, pseudo typed 
with- the envelope glycoprotein of vesicular stomatitis 
virus (VSV-G) was used. The retroviral; vector, which; 
waskindly prpyided by Dr . A W.S. Chan, consisted of a 
long terminal repeat, neomycin, resistant gene and 
an EGFP gene .under the control of the CMV promoter 
(Chan et al., 2001). 

Fibroblasts were transduced by cc^incubatiqn with 
the vector overnight. G-418 selection was started the 
following day and was performed for 13 days. To obtain 
the G2/M stage donor cells, medium was removed arid 



replaced with medium containing colctocihe (1.0 uM) 
and cultured for 24 hr (Boquest et al., 19^9). The syn- 
chronized cells were harvested by standard-trypsiniza- 
tipn, and subsequently, 50 jd aliquoto;contajning 1£00- 
3,000 cjlls were frozen m adture mecUa supplemented 
with 10% DMSO. Before roicroinjection, donor cells 
were thawed at 37°C, and/200 al FCS was added and 
cultured for 30 miri. Then 800 ul DMEM supplemented 
with 15% FCS was added, and the sample was centri- 
fuged at 500g for 5 min. The supernatant was removed 
and 50 ul TCM-199 supplemented with HEPES was 
added to resuspend the cells. 

Flow. Cytometric Analysis of Cell Cycle Stage 

Colchicinertreated fetal fibroblasts were analyzed 
for DNA content by cthanol fixation and staining with 
propidium iodide: (PI) using a method described by 
Crissman and Steinkamp (1982). The largest cells were 
analyzed usingBecton.and Dickinson flow cytometer as 
described by Crissmari and $feinkamp (1982). Percen- 
tages of cells existing within the different phases of the 
cell cycle were calculated using 'Cell. Quest' program 
gating on G0/G1 and G2/M cell populations visualized 
usingtihe. scatter plot of red fluorescence. 

Preparation of Recipient Oocytes 

Prepubertal porcine ovaries, were obtained from an 
abattoir and transnorted to. t^ a thermos 

filled with saline; maintained, at 30-35 o G. Follicular 
fluid from 3-^6 mm antral follicles was aspirated by 
using an 18-gauge needle attached to a 10 -ml dispose 
able syringe; Cumulus -oocytes complexes (COGs) with 
^iform cytoplasm and several layers of cumulus cells 
were selected and rinsed three times inTL-HEPES plus 
PVA. Approximately 50-70 COCs were transferred 
into each well of four-well multidish contamm 
199 medium supplemented with PVA (0.1%), D-glucose 
(3,05 mM), sodium pyruvate (0.9.1 mM); penicillin 
(7.5 ug/ml), streptomycin (50 ug/ml), cysteine (0.57 mM), 
til (0.5 ug^)y ; i^SH (6-5 ugtaal), and EGF (10 ug/ml), 
covered with mineral oil. The oocy^s were matured for 
42-44 hr at 39'C, 5% QOg in air. 

Nuclear Transfer 

After 44 hr of oocyte maturation, oocytes were freed 
from cumulus cells by vigorous vortexihg for 4 min 
in TL-Hepes supplemented with -0.1% PVA and 0.1% 
hyaluronidase.. Cumulus-free (denuded); oocytes were 
enucleated by aspirating the fu^t polar body (PB) and 
adjacent cytoplasm in enucleation medium with a glass 
pipette 30 |uri in diameter. The largest cells (22-28 um 
m cliameter) (^ig. lA^ from/the ^lcm : cme-treated popu- 
lation were chosen as the G2/M stage donor cells to 
be injected directly into the ;perivitelline space of the 
oocyte. Injected oocytes were placed between 0.2 mm 
diameter platinum electrodes 1 mm apart in fusion/ 
activation medium. Fusion/activation, was induced with 
2 DC pulses (1 sec interval) of 1.2 kV/cm for 30: usee 
on a BTX Elector-Cell Manipulator 200 (BTX, San 
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Diego, CA). Parthenogenetic embryos were derived by 
exposing oocytes to the same electrical pulses as were 
the nuclear transfer embryos. The medium used for 
enucleation was tissue culture 'medium (TGM) 199 
supplemented with HEPES, 0.3% BS A, and 7.5\ug/ml 
cytochalasin B (GB) t and the medium for injection was 
the same medium without CB. The medium used for 
fusion and activation consisted of 0.3 M mannitol, 
LO rnM CaCl 2 , 0.1 mMMgClg, and 0.5 mM HEPES. 

Evaluation of Nuclear Remodeling 
Events of Donor Nucleus 

To observe nuclear envelope broke down (NEBD), 
premature chromosome condensation (PCC) PB and 
prpnuclear formation 36, 42, and 56 embryqs were fixed 
at 0.5,, 2, and 12 hr after fusion and activation, re- 
spectively, fixation was conducted by mounting 
oocytes on glass slides, under, cbyerslips and .fixed in 
.etnariol: acetic acid (3:1) for 24 hgr. Oocytes were then 
stained with 1% aceto -orcein and; evaluated by using 
Hoffman; modulation contrast optics. 

Evaluation of In Vitro Development and EGFP 
Expression of Nuclear Transfer Embryos 

A . total of 297 embryos were cultured in NQSU with 
0.4% BSA for 7 days/ The embryos were ^checked with 
an ultraviolet microscope on 2, 15, 48, 72 nr and on day 
7 to determine if EGFP was being expressed. Cleavage 
and blastocyst rate was checked at 48 hr and on day 7, 
respectively ^ Blastocysts were- stained with Hoechst 
33342 to-, count the number of nuclei. In another two 
replicates, 2 2.morula or early stage ^ blastocysts culhired 
to day 5; were treated with 0.08 ug coicemid for ploidy 
analysis with the procedure described by Burgoyiie. 
(1993). 

Embryo Transfer 
The. 1-cell stage embryos were surgically ^ transferred, 
into oviduct of the nph bred day 0 or 1 recipient: pigs to 
allow the pigs to continue pregnancy. .Two/surrogates: 
were transferred with nuclear transferred embryos 
and paiiihenogenetic embryos. Two surrogates received 
only nuclear trahsifer embryos, but treated with 3 mg 
of estradiol cypionate (ECP, Pharmacia & Upjohn Co., 
Kalamazoo, MI) on day 12 after embryo transfer. 

Parturition 

Parturition was induced oh day 112 of gestation 
using 10 mg of dihoprost (Lutalyse,. Pharmacia & 
Upjohn, Kalamazoo, MI) followed in 6 hr by 10 mg of 
estradiol benzoate. At the same time as the Lutalyse, 
5 mg of dexamethasone was administered to the sow to 
accelerate, fetal lung maturation and improve respira- 
tory function after birth. Thirty hours after- induction, 
on day il4, the sow showed few signs of impending 
parturition and had minimalmammary gland develop- 
ment;. A litter of one live; piglet was subsequently de- 
livered by cesarean section. Immediately after removal 
from the uterus, the piglet was placed on a heated table. 



rubbed vigorously,, and oxygen was administered. One 
hour after delivery, the piglet was weighed and re- 
ceived a physical examination. The piglet was then 
administered ,15 ml of pooled colostrum to ensure ade- 
quate immunoglobulin intake before the piglet was 
placed with the sow. 

RESULTS 

After being transduced by the retroviral vector 
and followed by :G-418 selection for 13 days, all survi- 
val cells were confirmed to 

ultraviolet microscopy. The green cells were subcul- 
tured and fast: proliferation wascbscryed. After treat- 
ing :the cells'wM 24 hr, about 23,9% (i25/ 
521) cells were with size of above 22 um in diameter 
(Fig. iA3)» which were classified into the ; largest 
population to be used as donors for nuclear transfer in 
this experiment To identify possible cell cycle stages of 
these donors, the: largest cells were subjected to flow 
cytometric, analysis. 70.5% (840/1192) of these cells 
were in G2/M stage; 9.7%- (116/1192) in S stage, and 
18.8%(224/1 192) in G0/G1 stage (Fig. 2). 

In three replicates, the nuclear remodeling events 
were evaluated within .12 hr after activation and fusion. 
A total of 8:3% (3/36) and 28>6% (12(42) ;pTreconstocted 
oocytes showed NEBD and PCC 0:5 and 2 hr after 
activation, respectively. Percentage of pronuclear for- 
mation was 62:5.% (35/56) 12 hr after activation. Out 
of the 1-ceji embryos, with pronuclei, 8.6% (3/§5) ex- 
truded a PB, : most of them (31/35, 88:5%) formed one 
pronucleus. In another two replicates; we analyzed the 
karyotype of the .embiyos in morula or early blastocyst; 
stage oh, day 5. Out of 22 embryos, 17 were diplpid 
(77.2%), 2 were tetraploid,.and 3 weremosaic embryos 
with both, diploid and tetraploid : :cells. 

In another five replicatesy we monitored the in vitro 
development and EGFP expression of the reconstructed 
embryos. The fusion rate, cleavage rate, blastocyst:for- 
mationratc, arid the average nuclear number, of blasto- 
cysts, were 81.6% (297/364); 59.6% (177/297), 9.4% (28/ 
297),;and 25; 7* (7 19/28), respectively. 

Within 2 hr after fusion, strong fluorescence was 
detectable in 36 of 39 reconstructed, oocytes. (92.3%) 
(Fig: 3A). The fluorescence- in all NT embryos became 
weak is hr after fusion and disappeared when culture 
to 48 hr. But from day 3, cleaved embryos at the 2- to 
4-ccll stage started to express EGFP again (Fig. 3B). On 
day 7, out of 177 cleaved embryos, 152 expressed EGFP 
(85.8%). The EGFP expressing embryos were in the 
range of 2-cell to blastocyst stage (Fig. 3C,D). We ob- 
!tained 28 blastocysts out of 297 cultured NT embryos, 
and of them, 20 expressed EGFP (71.5%). 

As shown.ih Table 1, two. surrogates received nuclear 
transfer embryos and- parthenogenetic embryos. One 
of the two recipients receiving 22 NT embryos and 
15 parthenogenetic embryos established pregnancy. 
Tracing the fetal development by transabdominal ultra- 
sound at 7-day intervals, we found that- uterine en- 
largement occurred as normal and pregnancy vesicles 
could be observed as early as 24 day. However, these 



TRANSGENIC PIG EXPRESSING THE EGFP 303 





TO 

1 1 1 1 

g p 8 u 

2 + Y * 



o 
c 

8 



o 
is 

■c 

o 



o 

NO 



400 bp— 



Fig r 1. A: Fibroblast population treated with colchicine. The 5 largest 
cells :(ariows) were u^d" as G2/M stage donors. B::Donors expressing 
EGFP under ultraviolet -light 



JS2 

7D 
o 



toe: 
f 



0 




-WO 

relative fluorescence 



Fig:. 2* 'Flow cytometric analysis of cellrcycle stages in. the largest 
ceil population after treated with colchicine. A total of, 70.5% of the 
biggest cells were . in. G2/M stage, 18.8% in GO/Gl stage, and 917% in 
S stage, 




A:: Tv?o. hours after activation ..and fusion, reconstructed, 
oocytes expressing EGFP. B: Three days after culture'; EGFP expres- 
sion was found in 2? :and 4vceU; stage embryos: C: Seven days after 
culture, EGFP expression occurred in morula stage embryos.. D: Seven 
days after culture, :EGFP expression was found in 2-celi and blastocyst 
stage .embryos. 




Fig. 4. A: Cloned piglet expressing EGFP. Yellow coloration of the 
snouVhoof wall of each toe was obvious. B: Skin and hair of the cloned 
pig under bright field. C: Skin anil hair * of the cloned pig: emitted 
fluorescence under ultraviolet; light.. 



Fig. 5. EGFP.gehbt^ingby PGR. Lane I, ; ladder, lane 2, positive 
control; lane 3, negative control; lane: : ; 4, .^surrogate; loine 5, cloned 
piglet; lane 6, donor cells. Forward primen' S'-GGC ACC ATC TTC 
TTC AAG GACGAC-3'; Reverse primer: 5'-AAC TCC AGC AGG ACC 
ATG TGA TCG-3': Reaction conditions; 94?G, 5 rain; 94 e C, 45 sec; 
6l°C, 30 sec; 72°C< 45 sec (32 cycles)! 72'C; 5 min;,4°C hold. 



began to Regenerate arid were ripjongsf ^visible by day 
40. Subsequently, the surrogate gilt returned to estrus 
on day 69. Another two surrogates received only nuclear 
transfer embryos arid treated with estrogen 12 days 
after embryos transfer. One tftat ; received 58 embryos 
-was diagnosed as pregnant on day-24, but returned to 
estrus on day 31. The other surrogate, receiving 70 NT 
embryos.maintairied pregnancy to term arid delivered a 
female piglet (Fig. ; ..4A) on day 114 (day .0 = date of estrus 
of surrogate)- by . cesarean section. The bktiiweight of 
the piglet ; was 1,256 g.. This is similar to aver ago birth 
weights of 1,45 0 gin our so w herd . ;M icrp satellite-aria i - 
ysis using three polymorphic markers confirmed that 
the piglet was derived from the transfected cell -line,. 
FE2-EGFP (Table. 2). The piglet clearly expressed the 
ECrFP. Tissues from .the skin, including hair ernitted 
green fluorescence i when observed under an ultraviolet 
light: (Fig.. 4B,C). The epithelial tissues of the snout, 
oral, and nasal, mucosa, and coronary band : and hoof 
wall of each limb displayed a brilliant yellow coloration 
(Fig. 3A). This may be caused by !the accumulation of a 
high density of keratinized epithelial .cells ebepressing 
EGFP. PGR results confirmeu that the ! genome of the 
piglet contained the E1GFP gene (Fig. 5). The karyotype 
of the cells isolated from the; piglet's ear tissue was 
diploid (data not shown). Physical" examiMtibn of the 
piglet shortly after birth revealed; rip abnormalities^ A 
venous blood sample was obtained from the piglet at 
24 hr of age and a routine, complete bipod count, and 
serum biochemical panel were within . normal, limits. 

DISCUSSION 

To have more chance to use G2/M stage cells as 
; donors in this experiment, two measures as reported by 
Wakayama et al. (1999) were taken. First, we treated 
the cells with a microhibule^srupting agent, colchi- 
cine, which; arrested the population of cells at. G2/M 
before nuclear, transfer. Previously, we showed that 
after treatment with colchicine, porcine fibroblasts 
could be efficiently synchronized into the G2/M cell- 
cycle stage (Boquest et al., 1999). Secondly, we chose 
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TABLE 1. Nuclear Transfer Embryos Transferred to 
Surrogate Gilts 



(estrus) 


Embryos 
transferred 


Results 


Helper 


Y78 (dl) 


58 


Pregnant 


Estradiol 






Lost on day 25-31 




O160(d0) 


70 


One piglet delivered 


Estradiol 


Y73 (dl) 


22 


Pregnant 


15Parth. 






Cycled oh day 69 


ISParth. 


Y95 (dl) 


50 


Not pregnant 






Cycled oh day 23 





Estradiol, surrogates were injected with estradiol on day 12 
after embryo transfer. Parthvparthenogehetic embryos were 
co-transferred with hudear transfer embryos. 



the largest; cells from ; the colchicine-tre ated population , 
which aredouble in size compared to the smallest cells. 
Accordmg;ta previous/studies, the cells with such a re- 
lative large cytoplasmic 7 yolunie are typical of those that 
have advanced beyond the Gl-phase, and whose cyto- 
plasmic swelling is in preparation for division (Steen 
and lindmo, 1978; Zetterberg and Larsson, 1995). 
To further characterize these cells, we checked the cell 
cycle stage of these biggest cells with flow cytometric 
analysis. As shown in Figure 2, more than 80% of the 
biggest fibroblasts was beyond the Gl cell cycle, stage. 
Therefore, results obtamedin present experiment could 
mainly represent the characterization of nuclear trans- 
fer embryos derived from G2/M cell cycle, donors. 

Enucleation of in vitro. matured metaphyseal oocytes 
was; performed without staining the chromatin^ which 
can be detrimental to- development (Dominko et al., 
2000; Tao et al., 2000). In previous, experiments, the 
success .of enucleation varied between 85 and 90%. 
Due to this high enucleation efficiency, we decided to 
use ^lind . enucleation" for our NT experiments. The 
low rate of NT embryo development in 'the pig has been 
sugge'sted' tp' result from inadequate ^tifidal activation 
of the oocytes; The strategy of iPolejaeva et al. (2000), 
using double nuclear transfer, the second^ round being 
the transfer of .NT prbnudei;into enudeated IVF zygo- 
tes, was meant to circumvent the need for an artificial 
activation protocol. Betthauser et al. (2000)exposed the 
porcine cytoplasmic hybrids to ionomycin according to 
a bovine activation prbtocoL In our experiments, the 
reconstructed oocytes were electrically fused and simul- 
taneously 1 activated in activation medium with: a; high 
calcium concentration (1 mM). We obtained- a high 
fusion, pronudear formation,, and cleavage percentage. 

TABLE 2. Microsatellite Analysis of Donor Cell Lines, 
Surrogate Gilt, and Offspring 

Marker 



S0097 SW902 S0301 

Tissue sizes (bp) sizes (bp) sizes (bp) 

FF2-GFP 207 201/207 257/262: 

0 160 (surrogate) 207 199/203 255/262 

0160-1 (offspring) 207 201/207 257/262 : 



To darify the concern, if embryos with normal ploidy 
could be obtained by using <x>chicine-treated donors, 
the morphological events that occur to the donor 
nudeus were studied. In a previous experiment, G2/M 
stage donor cells were injected directly into non 
activated' matured oocytes, in which maturation-pro- 
moting factor (MPF) levels were high, the donor NEBD, 
and PCC was found in most reconstructed oocytes. As a 
result of NEBD having allowed access of "licensing 
factors to the DNA, nuclei would undergo DNA 
replication, before the first cleavage. We found that 
80.6% of the reconstructed oocytes, which formed 
pronucleus-like structures, extruded polar bodies (Lai 
et al., 2001). In the present experiment,, since we 
conducted the fusion and activation simultaneously, 
MPF levels might be reduced at the time, when the 
donor nuclei merged into the cytoplasm of oocytes. 
Therefore, we hypothesized that most donor nuclei, in 
both G0/GI and G2/M stage, would not undergo PCC 
and DNA replication. The embryos derived from G2/M 
stage would remain .diploid without emission of a PB 
before the first deavage. In this ^experiment, by using 
colcfocine-treated donors, only 8.3% and 28.6% of 
reconstructed oocytes showed PCC 0.5 and 2 hr after 
activation, respectively. .Out. of the l^cell embryos, with 
pronuclei, 12 hr after activation,, only 8:6% extruded a 
PB, most of them :(88.S%>) formed; one pronucleus. 
However, most embryos were diploid (77.2%). Those 
resultssupportediourhypothesis. 

We ; : monitored ihe in vitro development and EGFP 
expression of the reconstruct^ Within 2 hr 

after fusion, strong fluorescence was detectable :in re- 
constructed oocytes. The fluorescence in these recon- 
structed oocytes was probably not derived from the 
transcription of the donor, cell genome; instead, it might 
be from cytoplasm of the donor cell, which contains 
ed EGFP mRNA as well as protein. ; Since the fusion 
method was employed in this- experiment, any cyto- 
plasmic material from the donor, cells would.be fused 
into the cytoplasm of oocytes. From 15-48 hr after 
fusion, the fluorescence in NT embryos beanie. weaker 
or disappeared. But from day 3, ckaved embryos at the 
2- ,to 4-cell stage started :to express EGFP again. The 
above observation suggests that the G2/M stage, donor 
genome stopped transcription, after : activation ./and 
fusion because the nudei of the donor cells had been 
reprogrammed by the. cy top lasts. After culture to day 3, 
transcription was initiated again. In swine, the transi- 
tion to zygotic control of development occurs during the 
4-cell stage, which is about 72 hr after fertilization. 
But we found some;2-cell stage embryos also expressed 
EGFP after 3 days of culture. This suggests that the 
initiation of transcription of maternal control is not 
biily embryo-stage dependent, but may be embryo-age 
dependent. 

The formation of EGIHP-expressing. embryos with 
normal ploidy "suggests .that G2/M stage donors axe able 
to lead to: normal embryo development to term. The 
percentage of blastocyst formation and the average 
nuclear number of the blastocysts were not high. To 
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overcome this problem, we limited the culture time to 
less than 24 hr before embryo transfer. In the report of 
Onishi et al. (2000), the percentage of blastocysts was 
only 2.4%, but a recipient pig established pregnancy 
and a cloned piglet developed to term. 

Pregnancy initiation in the pig requires a critical 
minim um signal from the embryos to the mother 
around day 12 of gestation, and this has been estimated 
to be four embryos (Polge et; : al., 1966). To address this 
problem, two measures were taken to raise the preg- 
nancy efficiency. First, we transferred the NT embryos 
with parthenogenetically-ajctivated embryos, which 
were thought to erdiancc the signal for maternal re- 
cognition of pregnancy and would degenerate later 
in: gestation because of. genomic imprinting. Although 
pregnancy was detected in one of the two recipients, 
unforlfiihately, all fetuses, ^adually degenerated 40 
days after embryo transfer. In this pig, only partheno- 
genetic embryos might have initiated the pregnancy. 
Second, estradiol; wliicfr is supposed to be a signal to 
stimulate the development of uterus for accepting the 
implantation of fetuses, was injected on day 12 after 
embryo transfer; By this method, both of the recipients 
were found to be pregnant; and one of them maintained 
to term. A healthy piglet with normal phenotype in*- 
eluding diploid karyotype and -expression of EGFP was 
i successfully obtained. This cloned piglet with normal 
pheno^rpe is unique compared to the report of Ono. et al. 
(2001) in which two dead cloned' mice with abnormal 
phenotypes were .obtained, when M stage fibroblasts 
were used as donor, cells, and only when serial nuclear 
transfer was carried out were, they able to obtain 
: normal cloned mice. 

Our results suggest that colchicine- treated somatic 
cell nuclei, most of which in. G2/M cell cycle stage can be 
xeprogrammed ; =in enucleated "in vitro: matured 'oocytes 
anoV oUrect the. re^ 

cyst; stage,, and probably to Viable, cloned piglets with, 
■normal ploidy. The success of tiiis -experiment is signi- 
ficant in two ways. First; the procedures established in 
tliis ex^riment would b 

duce cloned /pigs supplying tissues arid organs for xeno- 
transplantation. Second,: descendants of the transgenic 
pig expressing EGFP will likely provide a variety ofgene- 
ticaliy marked tissues, which would be. very useful for 
basic research where such -marked cells are required. 
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Products 
by nuclear transfer 
from cultured somatic cells 

K. J. WcCreath , J, Mowcroft, K. H. S. Campbell v A. Colman, 
A, E. Schnieke & AJ. kind 



It is over a decade since .the first demonstration that mouse 
embryonic stem ceils coulu W us*d to transfer a predetermined 
genetic, modification to,a whole animal* ^ The extension of this 
technique to other mammaiian species,: particularly livestock, 
might bring numerous biomedical benefits, for example, ablation 
of xenoreactive. transplantation a ntigens> inactivatidn of genes 
responsible for ! ne'uf ppathogenic disease:and precise placemen t of 
t^risgehes designed to produce proteins for human therapy, Geiie 
targeting has; not yet beeh achieved ui marnm^ than mice, 
however; because functionarcmbryonic stem cells have itot been 
derived- Nuclear transfer from cultured somatic cells proYides an 
alternative, means of cell-mediated trarisgenesis--'. Here we 
describe efficient and reproducible gene targeting in fetal fibro- 
blasts to place a therapeutic trahsgerie at tht o\dne al( I) procolla- 
gen {COLTXD locus and the production of live sheep by nuclear 
: transfer.. 

We previously sK^vt^^thaUtransfcetuin- of- fetal nbroblastjrwittv 
nuclear transfer: ofcr^an efficient a nd practical, method o I produc- 
im* sheep carrying fai\domly ihtegrared transgenesy and similar 
: work has been re^ powerful 
method r of genciic nianipuiaticHi. and requires ; esscritially^ the sam£ 
;p rocetiii res^ 6 f tra nslect ion and drlig- selection of cultured' cells: 
.-^i hough experimental gene, targeting was first carried out in 



somatic, cell lines* n , the use .of embryonic stem, {ES}. cells, now 
predominates; however, there has been no definitive comparison 
ofgene targeting etKctency in primary somati and ES cells ( but 
see" re/ 7 fer review): VVe wished, to determine whether practically 
useful gene targeting could be achieved in primary ;ovihe fetal 
fibroblasts; and whether these cells could produce viable animals 
bv nuclear transfer The ovine COL M i gene represented a suitable 
target with which to establish gene targeting in fetal fibroblasts for 
three reasons; First, we expected that gene-tai^eting events would be 
verv rare compared with: random integrations. POL lATis highly 
expressed in fibroblasts, allowing promoter-trap enrichment of 
gene - targeting events. ; Second, few ovine genes ha ve been cloned 
and cha rac terized." COI iAl is well studied, and highly Conserved in 
several species,, fi^iliutih^ molecular cloning and construction of 
oyine ;gene-targeting vectors; Third,, mutations in CQLlAl can 
cause connective tissue [disorders, in humans;, for example, 
osteogenesis imperfect^. The; ability to generate, modelsof human 
genetic disorders by =gene targeting in animals other than; mice : 
might be valuable for climcai research-however; wechose to target a 
site that would not sighiacantlyvaftect type: I collagen protein 
function or expression- to avoid affecting fetal deydo^meht:. ; 

We used xyo : ^ene-targetin"g ; sectors to target ovine. .COtiAi 
( Fi'C I VvEach* vector incorporated two regions of COLlAi hornol; 
ogyv derived from a contiguous fragment of Poll Dorset' feral 
fibroblast f PBFF2i genomic DNA.. COfX-l was designed tu 
insert apromoterless nen selectable marker between the COl /.-\7 
translational stop and polyadeuylatKHi signal, such that transcrip- 
tion of the targeted locus resulted in ---a bicistronic messenger RNA. 
An internal ribosomal entry site (jRESV" immediately 5' of nco 
facilitated 

a trarisgerie as a separate transcript ion unit located 3' of tieo, Th is 
transgencvtermed AATC2v,comprised hunian a;l -antitrypsin (AAT \ 
x\)inplcmentary DNA within an ovine [i-lactoglobulin (Btti] 
expression vector designed to direct expression in the lactating 
mammary gland 11 . 

We trarisfected COLT- X DNA into early passagei^DFF2 female 
and PDFF5 male oyine primary fetal fibroblasts; we transfected 
CO IS -2 DNA into FDFF2 ceils: is table G4W resistant clones 
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were derived. About 30 days: ot cultuie eldpsed |etyg€ri: fetal 
disaggregation' and cryopreservati^ c ! ones * 
DNA.sampleso^ 

ase chain reaction (PGR) using primers designed ta amplify a 3.4- 
kilobase(kb) tragmeht aaoss the 5'%nctioniof the targeted locus 
(Fig: 1;); Fh each case, aiigh proportion of G418 resistantceU.clones 
were found to have undergone gene ; 'tai^eting;X5 out of 36 PDFF2 
COLT-h 4 out of 56 P DFF5 GOt-T- 1, an cl 46 out of70 EDFF2.COLT- 
-2 cell clones analysed).;We caUedXQXJ-l^ clones VPDGOL v and 
CO LT-2 ceU clones 'PDGAl^r. The UNA sequence of PGR products 
amplified rrpm; ? three PDCG)L and two PDCAAT cell doneVwal 
determined across the ??' juncti^;^ch : Wis insistent v^th igeric 
targeting ^ata not shown). 

Figure 2a shows Southern analysis of the 5' jun^ 
PDCAAT cell clones, .-£11 simples showed the^presence of a 7^kh 
\ BamHl fragment from; the normal COLlAl locus. Each clone 
identified fas positive !by PGR also showed a diagnostic 4 7-kb 
i jBamHl tragnieht spahhihg the 5' junction of the CQLT^ targe^^ 
i locus, Thisas cor^btent with the p resence of one targeted one 
I normalCOt/AJ allele, PDCAATc^ showed 
; the presence ^f addirion 
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PDFF5 cefewere^ls^ with GflLT-i, ■ 

P0PF2 and PDFF5 ;cejytj^^ 

PPL outped flock ofc Poitborset shee ; p/THi5Hn^at« tjiat it may 
noVaiways;be:ess^ iridiyidual t ;or 
an anirnal of.the; same Inbred ;strain; : to achieve efficient gene 
targeting 1 however, the degree #f sequence divergence,; if any, 
between the targeted COLlAl ajleles-in these cells: has not yet 
been determined. . . 

' Norther^analysis -of cell clones PpCA^T 81 and 90 is shown in 
Fig. 2b: Hybridation with human a\(l) procollagen cDNA, 
detected a 4.8-kb mRN A species :in both rion-transr^ctecl |ejj^nd 

A larger species of about 6^^ 

clones; consistent with, a^bicistr^onif; fOllM-WS^m fi#\? n 
mRNA. Hybridization the same- RMA : samples with;* nea probe 
also detecteda ^ ' 
witha.bicistronic mRNA.These/resuIte trjatgerie target- 

ing ^bad occurred Th^ mat»; : unlike mouse, rat 

and human, w^^ two; endogenous; afl (l:) prod 

mRNA species from diiTerent ipol^denyiatibn sites 1 -' 14 , 
express a single mRNA species 




Figure 2 Ai iatysS Ht&Pitrans^CtetiiPDGAiS cei! eignes. .a ; Southern anaiyskEacfi 




GO^'.rA '^.-^yiiw ^A^v^v"™^^* ""- '"~ — — ~ — O; 

abundant than the wild typ* (Fig. 2b); -Whether this; reflects 
different mENA stability or traMm|twn^ activity has yet to be 
determined^ However; elements; which 'affect 1 transcription; .have 
been identified at the 3^ end of CQLlM ih^othervslecios- v, *r and 1 
targeted DN A insertion may affect their function. 

W carried out northern analysis < ro determine Whether place-- 
merit of *he AATC2 V transgene; adjacent to the "it^hly expressed 
COLlAl gene resulted-ii* aberrant exp r^io h of the BEG .promoter 
in fibroblasts. Hybridization; with human ; AAT ;cDN'A : tailed to; 
detect A^mRNA expression ^in either; ^DG^r^r br ^90 cells 
(data not shown); indicating no- apparent ;;lo.ss : sof ; 0LG promoter 

specificity. „ 

Four targeted ceU dones, all; derived 'from PDFF2 : female cells 
:(PDGOL^ P0Q^T9Q), were selected; 

for nuclear 'transfer on the basis of itheir; vigour and- ^Onnat 
metaphase chrorn^ Nuclear transfer wasTCarried out:, 

on twelve occasions: and; the results , a re sumniarized (in Table \ 
Fourteenlambs were Uve^ ' 



Pasf rtwrrem examination of lamb^t^ »h:rwr:afte^birth; ; 

revealed a ra ngep f ab normalities. . Altho M^hjthe re was ho co nsii5tcnt i 
pattern^ " 
renal pelvis dilatiori), liver ang^Min : patholog^ 
similar to a preyious;;nu^ transt^c study using: the- same cells'*. 



sp ^snovvt i f^k>vv e iid «;iar fe. : tiv JjiMtions:^ thri 7rkff;'fia/riHi "fraqtntiht. froin>the ' 
Mrne^tjlCHriiSiir^i^ ^ 

>^m <o * ^'Q^^^^^-^. ^e:twsirii)ns;oi tiia28S and;fsS^flNA, 



Embryos recc^ored irom 
Cmbiyos deyRtope«J to 
fcyripr/ps ti^jsreiViB^. f?:; 

"Live ^crn:-ten*4Ss 
Larpt^s r yfp^e : beyon tl Y 
week 
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tetters to nature 

an J are; therefore aspect of the cell -treatment 

or niiclear • trar^ter ^procedure and! -not ;a consequence of gene 
targeting per <<?. Several researchers •haye' Teponed develbprnental 
abnoirnaiities associated with somatic cell nuclear transfer^ l7;W . 
Although there is ;sorhe mdicatioh that inappropriate expression 
of imprinted genes may be involved 1 ^, derlhitive investigations have 
yet :to He carried o u t r Understanding and rectifying this; problem isa 
continuing priority.: 

Figure 4. shows Southern ana lysis wo f 5 ■'- and 3' junctions of the 
COL LAI targeted lociis in" representative nuclear transfer Iambs. 
Hybridization with the same. 5: and 3' ;-probes ? used to analyse 
PDGAAT. cell; clp.nes revealed ;rragments consistent with the pre- 
sence of one> targeted arid one n6|rm^ COLi^JJ allele: in; the two 
lambs. shovvn. This was/confirmed using a 3' probe external to; the 
\yctor. 

Sixteen lambs and tetusies Were -analysed by Southern- blot, of 
vvhich^rifteen .contirmed the presence of a. targeted allele: One Iamb 
(9?p504:h derived, from PPCOI:;i3, : showed, only the normal 
CdLlAl gene, which probably indicates that the cell isolate was 
oligodqnal^N^ some 
G418 selected cell folates in r prey to lis experiments {unpublished 
•dataj. 

Igrtib :990507 denyeU.jfrorn clone P DCAAT9P was ;ho rmo nally 
induced to, lactate and milk samples analysed by f ^sfiCTn,t)Io.^^ 
("data not- shown)- AAT was. i detected- at a. ^concentration of 




Figure 3lto 

nijclei froth g«ie^i^ejte^cei[ ftii^PGfcfft&v 



F 2 3 4 5 § 7 k b ;s 9- 10 i 1 Kb. 




Fi$ure4. ; ^L^ 

vfTiiv-v; r^b 'tnofl&ltS I. j^'fi. iur»t^ J ^eleif^^d-; l^^eg'S -"15 show 



65b pLg rhi" 1 , which compares; itavburabl[y wjtlv the highest ;leve] ; 
previously reported^for^an^Aiffi'cBNi4 transgene in ; sheep carry! ng- 
multiple random gene inserts (18 u,g.ml7^[TKis^ndicate^ ( 
COL lAl locus suppemf tr^nsgene^ is not j 

actively expressed in; mammary epithelium H.. [ 
VVV have ishowh • that; gene targeting can be. ; ca rried out efficiently: j 
in somatic cells and . that viable animals can be p roduced by nuclear ! 
transfer. We" have: also obtained . preliminary data (that; is, PGR i 
fragment size. and. sequ^^ indicating sim^^ ! 
at the; a .- 1 ,3 r galactosyUtransferase locus in porcine "fibrpblasts j 
(•uhpubUshed^data). Notably, the use of ouclear transfer.:does not [ 
require embryonic stem or •embrybnic germ ; cells, knd; cif^mVerits j 
the generation of chimaeric animals, ;which would ^e' costly arid !■ 
time consuming in livestock: Fibroblasts are also being used in j- 
clinical trials to provide :a;;protein vivo U 

gene; therapy in; human patients^; and it has-been- ^ 
introdiictibribfth^ \ 
tian could avoid undesirable- effects^ arising; from random 
integration^, hluclear transfer in animals such as iheep p rovides a j; 
rigorp^ means o % 
placement. If the ;£0L 7:4 targeted sheep: continue to :shp w hp > : j 
locus-related del^ tKis:Wou]a\ indicateJthabthisiUirget 

locus : may ; p rovide : a permissive and benign envirpnmeht fo£ thejj 
. insertion: of the rapeuticaliy use+rlkgenes; □ i! 

Methods 

Gene-targeting vectors 

: f ;h<; pro rn pier, trap yecto r r CX)l^.l. cbhip r : 'u&fti . j - kb region of ihe:3 ': cnil of the ovine ■ 
|C^i/i;^Vgtfne.f^ kb,^ o ( the transdauori stnp site To an S^tsite 1 .>t- 

bp the xtoj^dtiH ^Q^to 1 44?-p%-otthc .. 

-p|R EShyg yt^turl QonitfcH,i: a l'.'7;kb;rtjpo^*- : on -;j 

^»ort iq in i ; of . ,the 3 Vjmdof the huraa n gruwth hormone grae containing th<. polyadmVIauon ; : 

; si ie; ;«sen I )is' ■ Jc^^df Va'n:j53 -Wjf^cijidn of the ;3' : Jthdiaod; flarikih^re^o h of the • ; 

^ihc uV^ti^i, ^nc;^^^ 

rrtm^N aU^ l* of t^M^ 

D SI A ^fragments- Kornologoua; 1 to thtf ; ovirxj^O b t A f gene; were denve^^m^a: stngje ,| 

geminiic clort^ isobtt^rfrom a 1 ibrdry of gcnonitc;i^agments of RD PK2 Jn bacteriqp hag t \. A 

Fhe p remoter 7 t r ap i ramg ene pbcemeht vecto r COlT : 2 was co nsfructeilby- insirtin^- an j 

;A;Hiifrfia^eni!ti)ntj intoCOIiT-irafa.uni^ue&fi^ fj' 

V end of rh'e IHES^-Vrft' "regfori; j 

I 

Preparation; culture and transection of pnmary fibro^sts 

J>eriyation t oKo^ne? P 0Etf2 and PpHFS cctls? h i av ^i>ct? ni dese ribej\ PDFF. ctd\s were grtwn 
thr\iugh<>ui;in jBKk 2 W|Cj|a5gtiWjM EM ) , mie^iUhil?u^K^ntiAl- With 2 i^M^lulaminc^ 
} ^^(iJJfri ^pyruvate; 1 k.non-iesseatial aiiimo acid^ arid;10% tetal calf Krum ih 
stetifiiird r uwue -ai jxu rc. yw^sjn a-h umiditied.aimcisp here com posed tif,2% : GOj, 5% .( .> ; : 
and 93'^ N ; . and [ : ^er? : ;b V- *f. 3 n ^ '«d.tryp;« ni^atto n. V V ;HE f cUs^werc; iiswl ati 

passage f hr^tand:lwd Ma de rs»;nej5-6 ^ w " f v 
were plated j( 5 X 10 ' <el!i;ih j;2>i^rn itisk^ndit rarwf^^ ; 
^/I^liiiarizediviMT^ur;^ <; 
H exf ino!i>g;es); a ccord ing ^tlte rnanu fact ui er's guidoli i ks , [S «e|ectioa : ii0^iiig liiFt j 
: w;i.s .it fip lied 4'K h :; ali er r 'iraiis fevi iUn. +Si\ n vcrage- ^- it XJ C IS* ; ci>U>nic.vwere:denvcd .pt:r « 

10 ' cellii ;ri-aavicVu : U: ;: Well separu ted C4 (»■ ailo nie^ Averc- jA^ated ; expatidei^a nd 
VOMy{>a^ved;^ - f 

Nuclear transfer j 

Ovine: Lvlj ■ cloncv ^We re p re pared; I ur nucl ea r transfer. (>y .cuttii re i n rhedi'uin xo n( iti ri ihg v 
redueL*d:i0.5^>| ; ^nim^ J days;, : iramlerofeelj,n.^ ; 

w.U carried md ^.si^itullv avde^nhcd^ 

Nucleic ackf analysis 

RiitJti ve target ed«:WI 'ttoheH .wi*rn ; Screened . hv P( amptincacon ac n»»<:th«* o ' -sh< »rt ;ar:» 
uf : t v>« «« *!< »sy^ rhv^S ,^uiv>hji >f l?VUv ■ prtm is ; sHii Wir in £%: I /S'if npleA ■ of Veil . v - funes ; for ; - 
^r^nm^ ? Wai;3ysed:;in ^ lH : I^lvMi,Wid^cr i50;iiiM^Kp. t.5;;fiNt Xlg^l;;jnjli\l;Tri'i Hiil 
pH ?.5vH^« S!* mi td cl ^-lll;; i »- V»*«» Fxr V«^Vi jHKI'ii^itiF PpUetiu^K^at'^ T for Wniiti. 
P ro i e i na se K w ; uj.urat ti yj i ted ; a v. r 1 U. : rri in; . .irtd Pt -R^i mp j tfic attoa Wai ■ per lor ine^l 

U'si (he ' K^t p.i in J lo «y ; W ?n p w w ^POK >T>.tctn'. iBotli rut p: r } .uvorti trig ;to. the nu n u • • 
Vac;i<rcr*< reborn nn-nd^-d vvMuIiiioa<i' P< "K pr|nier ; . ? ei)iicnces were:.' fcOfcTPCRJ priiner. 

C.\y- l^rmTtr'i C;<;(;;Ai5Ai : ; 151.. rHerri^i; L 0>tUn§>«:tdu wrcV^*:i.lmin; 
•pt.-H'V,. 1 ,3 r :^4 ^5<<, r t ^: Liii itf ^ (J . i/\ *:to5 V> t:^4 1^ 1 0 k tkl^t ^iVi » ^c; >i< j J tjvi ^ mt n v 
r ,1 '*:;P9'*yy>'<-^i>MKiVed'l^ a^^/^ ^jnini P.V*R ipTiiduct^vverc .imtvsed by 'it-In^vgel 
rirt;irnphi*ro-i<. 
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Giaaiitism in inice laddiig suppressor 




Hormonal taductfonoillactatfon 

^^fi^c<M^^im^^ »* tehhiinal indiition otWuMon. 
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Suppressor of cytokine sigirilling-2 (SQCS-2)Vis a memberof the; 

suppressor of cytokine signalling {amity a group of, related 

*rlt&n'sl^ r^ationof^pldrie^uon. 

4rough inKibUidh of the lanuskinase Op) si^t^ uce « 
dntf "£cti^ sighal^transduction 
pathway 1 . Here we use™ce unable to express SOCS-2 to examine 
its function imvivo J6cS-^ 

after weaning and was ass^^ 

bone len^aiid tlife pTO^Mpms-0^m^'^^ A ^^^ 
Characteristics of deregulated growth hormone and msuhn-jike 
growth factor-I :(lGF-i) signalling, including decreed produce 

kn of major urina^ P ^5£?' 
and collagen accumulation in the dermis, were observed in SOt^ 
2-deficient mice; bating tfefcSQCMj n^ha^ an essential 
negaUve regulatory role in th^ 

' We isolated g^nomicckVnes corresponding tq. thrM^ependent 
loci from two murirur libraries: using mCS^ coding region 
crymplenienbrv UNA as: hybridization probe. Comparison^ o 
seuuence tYon^these dories with that of the SOG^2 cDNA revealed 
that oneSciis; which consisted of^three *#ns and two intrcm* 
encoded the pjedicted;SpGS- : 2 t(tix (ttg. la). The twe); other loci 
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data : demonstrate that compound 4 is a potent 
LFA-1 antagonist, which binds LFA^l, 
blocks: the binding of ICAM-I, and inhibits 
LJFA-i mediated lymphocyte proliferation; 
and adhesion in vitro; It achieves this with a 
potency signifi<^Uy/great^r than cyclospoir- 
ine A, and demonstrates its equivalence to 
anti-CD \ \ a in the level of its inhibition of the 
Immune system's response in, vivo. 

Compounds 1 through. 4i emerged frqrn 
considerations of the -jeAM-1 epitope via 
kistrin, the RLGDMP peptides and H^N : 
CG Y^DMPC-GOOH. Each ^f these LFA-1 
ligands was able tovcornpeWwith ^ 
ccin-corijugated Analog |pf compound /3 -for 
;LFA-1 binding, is^. simifarities suggesta 
cprruno^ 

ety to a binding site: on. LFA-1 as\the basis of 
.this competition. A icompansoh of the" struc- 
tures; and molecular functionality -pf : com- 
pound 4 and; IGAM-1 ^responsible for -their 
LFA 1 binding? reveals. thai the carboxylic; 
acidi sulfide,- phenol, and carboxamide 
groups of the IGAM-l epitope are embodied 
in compound 4 (Fig^ 3) ^): T^s:aiibws:us 
to propose" that compounds i 2 through; 4 are 
mimics of IC AM- 1 iesuWn£:^^^ 
fer of me ^ a small molecule, 

A definitive proofi of this rmmicry \vijl re- 
quire the determination of the : structures ; of 
XFA-1 and its complexes ^thjICAM4i and 
compounds 2 through 4. 

Welbelieyeme.w^ 
repre^ts ; ! uief fi^ reduction of ai nonlinear,, 
discontinuous: but contiguous pr^in. epitope; 
i{encompassing five rc^ 
fcrentrp; strands across the: fece ; of ;a protejn: 
surface) fonia prb^ In 
-contrast to more>'tra^tionai; approaches,: this 
rational, stocturaily cUrected hypothesis andin- 
formation driven lead, discovery process uti- 
lized mblecW structure activity 
relauonsrups ;to :i^tif/ ; : : pharmacophoric .s^^irni- 
larities- wjteJC :the peptides, 
and ultimately compounds 1 through 4; this 
provided the perspective ' to ;rec^nize com-; 
pound 1 as a viable lead and rajiioUy;;e!arx)rate: it 
intocdmpo^ 

the value of antibodies^ protein mutajgenesis, - 
and ;s^rural ; ,(SAR): da& for, r^ivelp^tein 
1 igands as leads <ui the telenti ftcation of pharma- : 
ceutical Agents, , : wruch : Siocfc large protein-pro- 
tein interactions. Wba* re rna^ to tieseeri| with 
"these small-molecule LFA-1 ^antagonists is a 
: clinical evaluation of ^ir safety and effectiye- 
r^s in the control of human diseases relative to 
human^ed,anti-GD Ha M-6toet;s^ 
ciile ajg^ts discovered by other means (25-2^). 
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Orie of the hovel approaches - to dealing with 
the limited supply of human organs is the use 
of alternative^ a source of/organs 

(xenotranspiantation), ; The pig -is considered 
the : jprimary: /alternative species because of 
ethical considerations, breeding: characteris- 
tics, infectious disease concerns; and its com- 
patible.;si2e ai^ physiology<(7). 

A major barrier ;tb progress "in 'pigrto- 
primate organ a^risplantation is the presence 
of terminal txA ^alaciosyl. (Gal) ^epitopes 
on the surface vprpig c;^ and Old 

.World monkeys have. lost the corresponding 
galactosyltransfer^ 
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Melissa ^muel/ 1 AaronlBonk, 1 August Rieke/ Billy N. Day/ 
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Rand^ 

presence- of^^9^ : ^rWri^W^^. r^^^n ; ti^^urface of pi§;cetls: 
js a rnajor bbstacle tot successful xenotransp^ntatibn; Here, we ^reportvthe 
prpductjon of four live/pigs in yyhich ohe allele of; theid-l.a-ga'lactosyltrahs- 
ferase Ickus has been knocked oirf/ H ^ bynucleartransfer 
technology: clonal fetal fibrob^ were used as nuclear donors for 

embryos recdnstrurted with enucleated pig oocytes. 
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evolution and therefore produce preformed 
natural anubodies to the ^ epito^'which are 
responsibie for; hyperacute rejection of por- 
cine organs. The temporary removal of recip- 
ient antibodies to Gal through affihiry adsorp- 
tion and expression o^ 
intansgehic^ of.pig 
orgaiis beyond ^ 

er, returning antibody; and :residual comple- 
ment activity, are beHeyed ^ 7 b^ ^responsible 
for tie acute and delayed dainage mat severe- 
ly, limit organ suryiyal evening 
ihigh levels of immunosuppressive;;^ 
■other clinical ^nt^^tiw ^miwtitive: 
lr^itidh^of i^iactdsyitosterase; mycL-X£± 

ed. in only •partial reduction in epitope nuirn 
bers;(J Similarly, attempts: Jo blo^k^xpres- : 
sipn of Gal- epitopes ins A/racerylglucosamir 
nyltransferase III transgenic pigs; jalsb : 
resulted in partial reduction- of Gal epitope 
number but ifaSeS? to? substantially extend: 
jn^ft sum® Given: 
5ie large number ofGal epitopes; pre^nt on 
pig cells (5), it seems unlikely; that any dom- 
inant tr^sgenicLapproac^ 
provide" sufficient -protection .from; damage 
mediated by ^ftbodies to;£al;-;In contrastija? 
genetic^ knockout -of : tite la^i,3rjgalactosyl- ; 
transferase "(GGTAl) locus: ift, pigs; would 
provide permanent-arid complete protection. 

Viable a- U3-gal^^ 
but mice 'have teeh 
siemcsii^hnbiq^X^^^ 
nuclear tiinisfer twKriplogy ;Kas : provided a 
means; for ibcus-specific;- modification of 
large animal s>; as; demonstrated by ithf pn> 
Suction of viable; sheepilby means ofun vitro: 
targeted ^omaticwll^ 

(S^//) and production io£ transgenic; pigs;by 
nuclear l^r^fer ^;of : _ : geneticaj ly? 1 modi fijwi s6r. 
mauc;.qel{s.(/2) have been reported^ 
aitargetii^^ Ioculs mpi^^/X^nd 

sheep - (/i) : have also'b^n reported, but. these 
failed toir^iujUncl^ 
th^e desired mdctificatiorL In bom cases, ^diffi- 
culties in obtaining viable. target^Ldonot 
cloned werc-ehOTuntered: 
' Wediose^kiK^ 
arhighly mbred^ major Histc^rn^auijih^- com- 
plex-defin©d : rriWaiure "pig : line< De^ndant 
from: lines long used for: xenqiran^lantatiqn 
studies (/^ ^^teline^ista ideal: si^ match 
for eventual use in^iinicaLra^ 
has animals that ; consistently ;test negative * for 
transmission of porcine enobgCTOus re^^r^ 
(PERV)to humaScey in ^ iVitfo 0%6£fikwere 
isolated from one male (F9)^and three female 
(F3,F6, #nd^*ietusesiat idkyt57^6f ;gestato 
for production of donor cell lines (/#.,Age*ie 
;trap targeting vector, pGalGTi, wasriised ^for 
homologous; replacement; of =an; CTdogCT^iis 
GOTAi; allele (Fig. 1)1 ^the vector contains 
about 21 kb of homolo^- to the GGJA l locus, 
wi&.the coding region upstream of the catalytic 
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domain disrupted by insertion of a selection 
cassete consisting of a.Bip mteni^ "nbosome 
ertfry site followed by sequences encoding 

of CW1 S selectipn, ^ cIones(/£j were 
passage&in triplicate for further analysis; and 
cryppreseiryatibn (/P). 

. A reverse transcription polymerase chain 
reacuon: (RTtPCR) was ^^rmed on crude 
ceil- lysates the day after passage; with ^for- 
ward; primer from expn ,7 ; (upstream .of the :5 r 
end of the: targeting .vector) and a reverse 
primer from the selection cassette (20). Dot 
blot hybrid 

wifeain exq^ 22 
of 159 clones analyzed! 

Xhe. structure of the GGJ^l jlocus ;was 
analyzed ihj two dveriappiiig PCS reactions 
(2/> Clones -with a,targeted ins^on; ^ : Ae 
: casiette- relative to; vector external primer 
sites bo tn; upstream and : ; downskeam pf .the 
cassette;, indicative of a| replacement-type tar- 
geting event, were considered- canid>tes ? for 
use in nuclear transfer. Of 17 clones" ana- 
lyzed, 8 were found 

desired recombination event^and ;one from 

each]fetus(I^ 

was used, for nuclear transfer; 

^ueliear.trarisferwas p^omied;W^tfe^ise 
of ih^^niatoi^ oocytes and; . except 
28 ertiryo transfers, cryopreser^ 
w^buth^CT^ (22).vAs^<|^ncAis ;efe 
brybtr^ 

an earlier stage^bf jhp ;esU^^cy;cle tKaJv-4|e> 

etriryos memselVes^-had previously ^been 

used with minimally rri^^la^ (23); -pro- 

riucleafcrmcib^ 

(NT)Klerived embryo* (/^ 

benefit of asynenrdrious transfer suggests that 



any ma^^at^ 

etn^iyonic iieyeibprnent . Bec^ 

lations required for nuclear i;transfer > are quite 

extensive; and because preYtous.reporU ^gjgest 

that mmiatuire swine embry^o 

use<l here may normally develop at a re^ 

slower rate (25), nattiiaUy^ling large; white 

gilts- that had displayed standing estrus but had 

not yet completed ov^atipri were iisecl ^/ sutv 

rogates (26)i [For detailed information on all 28 

embryo transfers; see (|5)r] 

A minium of fou^ viable embryos is re^ 
quiied for es^lisr^ mfpigs 
(27). ThuS we used twb^methbds -to increase 
fhelhlcelihopd of 'esta^tishing;pregr^ 
"NT^nv^^mbi^ 

«tabiished:mfiveof ^seven surrogatesreceiying. 
parmenpgenetk; ^carrier'' ^bryipsi no :liye 
Hirttare^ 

structed embryos tp: a mated siTO^tbl. ln the- 
•..one emb^b tr^ grbup> 
the surrogate (0211) was: naated on ^e, : ^ 
of siding «trus a^ 

bryc«; me same day: •Mmou^h any fertilized 
ernbrybs would ttie^ticany bei43 -to 55r hours 
behind development :o£&'trOTsferre^ 
rived e^l^os^ the acn^l : in v^ development 
ratefbr NTh^ Early, 
pigembryosh^^ 

presentin^a^ surrogate :along wife.embryosiatia 
slightly- more iadyanced stage; (25); ; pjius^ ahj 
apparent embryomcasynchro^ advan-; 
tagepuss^ul&OT-^^ 

a slbwef rafce ti^an rwturally fertflized embryo's. 

Seven; piglets, four, females .and three 
males:?(TableJ 1); were delivered by cesare- 
an section at term :(25). Micrpsatei lite anal- 
ysis (2P) revealed that six; o if! sixvhaplbtypes 
for oneiifemaie piglet ^0212^2). =wereji dent- 



&7 _L1 



Ex8- 



r12: -10 -6 -« r4 -Z 



2 ,4. © 



Fig. 1; pCaiGT: targeting. 
: vector varid genomic RCR: 
assays for -targeting (35); 



Oil 



GGTA1 

,8 KO. kbp 




F236 



RS23 



pGaiGT 



F627 



GR2520 



Table 1. Pregnancies earned to: temi after transfer of embryos reconstruaed .with GGTAT.knpckouf ceil 
llries. 



/ SU "°^ e v Donor line 
(estms day): 


NT 
embryos 


Outcome : 


XD212 (0) F7-H6: 


1.16 


Mated sUrrog^te 






Seven born 9/21/01 


6226(1) F3-C5 


92 


One NTrderlved female piglet . . . 
Four IfTrderlved fematepigiett^born; 10/19/01 


0230 (1) F7-H6 culture 


d 130 


Two NT-Derived fernale < piglets 'bom JO/ 1 5/0 i 
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tical to that of the F7 fetal cell line from 
Which knockout -donor line F7-H6 was de- 
jdy^Xl^-M^^P^iP^- of six haplb- 
types of Oil 2-2 were not compatible with 
mating of the surrogate. All other piglets 
had atleast four haplotype. mismatches with 
the F7 tine and were compatible witt/rnat- 
ing of the surrogate. 

We periqrme^: 20 faddinonal trans fe 
only 1^-derived embryos to unmated sur- 
rogates: Pregnancy was confirmed by ultra- • 
sound in six' Of these surrogates, with two 
continuing^© cesareanfsecttp^ 
live piglets were delivered from surrogate 
O230 (Table 1), one? of which :(O230-2) 
rdied from respiratory; /distress syndrome, 
shortly after delivery. Four live piglets 
^ cic:dc)iVc!.cd iVuni ^urrogaic Q220 ^*Fabte : 
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1), again with one (0226-4) dying shortly 
after birth from respiratory distress syn- 
drome. ;Microsateliite haplbtypes of ;all _£ix ? 
piglets frqrnlthe [two, H^rs were tdentical' to 
the F7 and F3; donor parental cell lines, 
respectively. 

i Genomic targeting analysis was per- 
formedon DN A wmjples from NT-derived 
•piglets, the: untransfecte^ ¥3 and F7 .donor 
.parental: cell;:iinei, rand surrogates ; (Eig.; 2). 
Forfait piglets: except Q230-2, analysis of 
touvends of ;the: GGTA1 loc^ revealed the 
"presence of one replacement-type; targeted 
allele, Ayhe*pp23p-^wa> der^^rkirh ah 
untargeted •miniature swine cell in ;the F7-H6 
dbnqr ilirie Or hadva GGTA1 rearrangement 
incompatible with detection ;by the targeting 
dSsayS.r^rtbrmed has- yet io/be determined; 





Tug.- 
WT- 




Fi«. Zi Tafgetlng^ahatysis/of fe<terived piglets, parental miniature swine fetatcell lines F3 and F7.: 
arid surrogate sows. See Fig.' t for a desaiption of the assays, (A>^ 

with primers F238 and R8Z3. (B)- Downstream genomic PCR analysis wipS^prirnerS; F|27 and 
CR2520: After transfer; digested: reactions weref robed with an;oligqnudeotj^ 
IRES portion of the selection cassette; The analysis of-alLoffsprjng^yyj^ 
iS-consisteht :witn{a- reptacement^type targeting event^t one GCTA1 allele: 



Table 2 presents a health summary for'the 
seven ;r^-deriyed piglets, r^ur of the five 
piglets suWivihg beyond:^ 
partum period remain: healthy, with a normal 
growth irate for miniature swine. The fifth, 
0226-3, died suddenly at 17 -days ; of age 
during a^p^tiiie blood draw.* Necropsy re- 
vealed a.dilatedri^ 

of the heart- wall- : Another animal, O230-1, 
ihas shown ;cardiac defects ;simi|ar to- those 
repbrted ; in NT-derived amrhals of other sper 
cies (^ i/j. 

ijmiber of other abnormalities were 
noted, at birth among:suryiving . piglets,, none 
of which ;a^ health 
iahd well-being.; -Flexure tenapn ; deiformities 
;sjmilar to ;thos^ reported here have been ob- 
served in- previous STtderived commercial 
stairVpigs^); It is ^Hkel^that the abnor- 
malities we have seen are related ^pTthe^ge- 
cne^ mc^ii^ not>a ; ^ 
phenot^e and only one allele\has been; tar- 
geted; but ramer are Ae 
r^prbgTarrmed 1 epigerietic= factors. With the 
exertion of 0212 

lets 'were? somewhat^Mdersized, with: birth 
weignts of 450 tb~ 650 g ;(strain: average. 

860fg);; . 

Under our -growth iand selection ; condi- 
dbns,:mm swine fetal fibrobla^ 
tamia steady.^ 

Clonal lirief senesw^^r 30^to 32 .days of 
cuitufe oh -average. The ability; to quickly 
selectclonal fiocSrFofi^ like- 
ly to -tie a requirement for, introduction^ of 
omer compfex genetic alteratior^ intone/pig. 
genome^ The ^ability" ta use xrybpreserved 
donor cells wimout^ftirther culture, demon- 
strated by tyiploTo^ 
geous, as i it iextena^j^e' number, of potential 
donor lines ayai^ 

fer. r OuriefTiciencies in producing NT^eriv^ 
GGTA1 knockout animals; -are similar to 
triose.previbusly ^ reported-in which.exWnsiye- 
|y ^uli^e^^m^'fe^i; cells were used as 



Table 2; Heaith ^ H. healthy; N<Gi normal growth; p,,deacL 



Piglet 



0212-2 

(kNC) 
O230-1 \ 

(h;nc): 

O230-2 

■(D) 
Q226V1 

:(H, NC); 
0226^2 

0226t3 
(?) 

0226-4 

'(&) 



:^ysicalfinding S Oinicat^ptom^ardi^ 


Ocular defect .JsrnaU; ear'ifiaps-withlno 
. patent ear canals\ 


filQP 


^Nonclinical symptprns; no;sighificaht^e^ 
findings 


Joint at Jbirth* 
Flexure o^fqrmiry/of-d^ 
. Joint at birthr dysmaturiry-at: 
Normal. 


'45P 
115 
600 


Mild; abdominal a^ 

and pulmonary Kypeftensibn 
Di^ shortly after "deliyer^^of ^respiratory distress 

s^draj^irw obseryed;at necropsy. 
No ciijtittlj^pytimi: no: significant khocardiograrn 

nndings 


■Flexure b^f orrnity. of -distal interp halangeal 


650 


No 'clinical syrnptbrhs; Ibwrvelocity . regurgitation at 
cwterof tricuspidivatlve . _ 


joint at birthf 

Flexure defprmity pf di^l interphalangeal 
joint.at birtti* 


:5S0 


Death during routine biobd draw 17; days after: birth; 
dilated ;ri^t ventricle with thickening of heart 


Cleft palate: dysmaturity at birth 


250 


.wair.o^rVe^:a^neOTpsy: 
Died shortly after delivery; of respiratory distress 
syndrome: inoi gross lesions observed at necropsy 



.•Responded Jo physical therapy. tRes^nded to physical therapy plus splinting 
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nuclear donors (7ft //), despite the nearly 
ifbi^id diference : ih> adult :size : b«tween;;the 
miniature swi^^ here and the 

cpm^nercial oocyte -donor and: surrogate 
strains used. The ability to use readily avail- 
able oocyte donors; and surrogates in a nucle- 
ar transfer program inessential when, rnodifi- 
; caUon of less commonly avai lablc animals is 
required. 

The next step will te toxreate o^l^^alac- 
•tbsylrransferase-nuil (homozygous .knockout) 
pigs, eitfer by breoqing to a hetero^gous male 
produced)by nuclear transfer or^by is^ential 
nuclear transfer . modi 'ficauohVof cell lihes^pro- 

ftom thefour fi^nsde pi^'rer^ 
B«^uw^-li3-g^actM 

have ali^y been produced (^); rtjis ; n6t^^Cr= 
ipated thai this genetic modifica^bh :wili be 
lethal AVe hope ^ that . a-1 

; galactqsylttar^ pigs will not Only 

} elirnmate^hyperacute :rejec^km:but:also/ajn^o-' 
rate later -^^wUpiSi^^^pa (in TOnjunc^ 
tidh wiih clinically relevant ururiunpsur^reSr 
siye therapy) wl] permit: long^ sumval of 
transplant^ 

availability if pigs 
will alioW a^clearer evaluation iof approaches 
currently m deyelo^ent aimed at pyercoming 
potential ;a^lay^ 
nismS" in porcine xeiiotn^ 
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Fetuses for ;d^atiw of c^l lines' iised here : w*retihe; 
prcKiuctVpf i^six ^nertUpn> /: of brotfier-sister mating 
arwj"iaye,art^ 

fwoa^ditioMV^ beenpepr. 
£uced tom^this inbred" fine; .yWth)no app^nt^oV 
creaM.in^rtesi. 

B, .A. OWmbton et a/.. in preparation. 

Primary raroWasts were isolated from rruhiature 
swirie : fetuses by; coUagenase-tirypsin digestion of 
minced tissue; Dissociated ce^ were plated at 2 *; 
1 0? ceUsVcrn* on cott^n-OMtVd plates in Ham|s F 10 
rr«<Kuro cc*tairdng ; ;20& f^^bcww/semrni'^BS) 
and antibiotics. Adherent cells were froien :tre;fol- 
lowihgday. 

supplefnentary da^ 
sdeWma^r#cgi/<^^ 

Fetal fibroblast were tnaw^ for 3 days to 

subconfUiena: before transfect^-^ */10 7 fi- 
broblasts wereejecti^orated rt 2W y,^du>Dln 0.8 
;ml of: Hepes-buffered saline v ^containing pCatCT (O.S 
pmol/rnQ. Trie vector vi^sfresttictibr^^ at both 
erwis c^ th* C ATA i hprr»lpgous seo^ences 4 before use. 
Transfected celb were^cuitured In buOt-for 2 ^ days With- 
out "selection; 'theh'plated in collagen-coated 96-well 
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plates at 2 X 10* cells per : weB In Ham's nutrient 
mixture Fl^containing 20%;FBS and C418 (100 p-g/ 
rnl).itrw low «tec^^;^c^ 

by the absence of cetis transiently expressing G4 18 
rescue: untra^ected cells.vnw uniformly 
C41 8 (SO to :75 itg/rril) after S to7 days. After 14;days 
of selection in ^18, growing cuth^. were passaged. In 
tripUcate for cryppreser«ti6r» of oonor : cells, . RTr P<R 
saee^g for taring: and ONA i»|atioa Subconflu- 
ent donor cell cultures were tiypsif^ed: and frozen in 
^l allquQ^iCon^^JlOM to 2000 cells' each. 
ZOl tysates were prepared from : 96-well cultures of se- 
lected dpnes the day aft passage by; three. rounds 
of freezing and thawing In 10;itl df;2 mr^^iothre- 
itbl cohtaining placenUl ribp>iudease JnWWtor (1 
U/p.1). The lysate was amp^fied (n a : one-&b« ampli- 
fication: reaction usl ng ;Tth polymerase, exon 7 for- 
ward primer^ 291 (5' .ACMC^C^CCAC ACCTTCCC) 
arxJ 'reverse primer Bip419- (S'-CTCTCACAGTCCG- 
C^WACAC). PCR - products were ali^ne-<tenatured 
and. transferred to nyton merr*ra|^ ^before hybrid- 
ization with ah exon ; 8 oKgonucieptide - protie (S*- 

21; bo.f^;:ident^ed ; as (^lyeiy^ tar^ted/in RT- 
ipCR screeru : r*g, assay were e^jwndi^^into: 24rwell 
pUteSi and r^^^v^ Uolate^ for gnomic a 
'Ab^isb rig of Dr4A was amplified In reactibns with 
LA Taqr DfW; :polymerase j^rrVera; Madison; Wl). 
lafgeting- was^asiessed b^two;i PCR ^assays, ^each 
incorporating, a primer outside o£trie^ 
opius! regtoa :4J pstream analyst 
primer F238 (5!-TTACCACGMC^GAAGACGC) ami 
e)con9:reverse;p^erR823l(5^AC^TGt^ 
TACCAC^ W. fragments of 

2l0 kb (WT jlpcus). ^-! kb;-(targeted ^locus). a^ 
kb (elthef ^tocus) are produced. Oowrtttream analysis 
used exon 9 forward pri^ 
O^CTCATC);an<j reverse primer _GR2SW"(S f ^GAGr 
•TAT f TGC ACG ACAC^GTC). Upc^ dlgesti 
i. fragments of 12 kb (WT locus).. 2.3 kb; (targeted 
loais). arid 8.1 Wither Ibcusj w 
emibtbts :;oMigested^reac^sj;w^re rrybridlied to 
internat ribosbrrie efitryi site: (IRES) region; probe? 
Bip419.. !' "". ' "" , "' .... 

22. cCKx^tes"<kn^ frpni sUughtered gilts were matur^ in? 
defined prc<ein medwm: ^ supp^mented with. 
0.1% po^r^au:o^cysie^(0l'r^ 
growth factor (10 rig/nil). 091 mM l^-pyruyate. 3.05 
;mM D^ucose/ifoUide-sti'r^ hormone (6i v&' 
frnl)i UJteinizirig horrnonel(0^ 
^mi^ 

ovarieswrere^purctasedf^^ 
"and sWpped wen^grt 
?rneo1um\iArW 
mu^celU:ard ; were,l«^^^ 

,p^mented:w]tii J^rijsenim atbumlh (8SA. 4 mg/mQ] 
j until use.: ^nucfeatiori' of.r^ U ^oocytes ; ; was* 
* perfprmedlfi ; rrtealumsupotemCT 
!b (7i5 p^rnQ^thc^s^nlr^ 
;may be^m'm^ 

:Cryopreserved a>r^ cells were thawed at 3 7*C- and 1 0 : 
^volumes of FBS were added: Tr« suspension was kept at 
room : !tempe^ for- Mjftm^^Kd 'te v ypjiume$=.ofj 
TCM^SA .were;added, and the^^ pelle^Fibr^ 
: celU,w«f^ resuspetytled ; and dirWryf used for. KfTy For 
;M^eriv€d ^emo^s^o^^erred! to:- four; surrogates; 
r (O230;O203. 0291. and 0221).,^ 
for i we^ y as abow in medium cori; 

. taihihg.0.5%;serum.before use In NT: All ce.Us wUh 
an iintact ;membrane^were^used| ^s£the Umited. 
number of ^ targeted ^elis'dld^!(»rmit selection; 
jNudeartrarisfer.^sIori; and i actrvation were.per- 
rformed as/in Park etay^^JKErnbryps .were kepiin; 
TCr4/BSA for ahbther 30,;tb 60'miri before the 
■ fiiiion rate was {evaluated. Fused embryos; were 
^cultured in NGSU 23: suppiemented wjth BSA (4 
rhg/ml) overlaVd;:Wlth mineral bit . Tr«- surviving, 
embryos; (intact p^ 
[fpr^tranifier^nt?^ 

: 23. ;?C :?P/b^;.- Con tro/ f of Pig '^ept^^n:\j^i^hwitJ\ 
Londpri;^98lj^ pp;:283-28S,. 

:24. k J.. Martin. Cv A. Piifikert fT^nsgentc Anmiat Tech-. 
nb/o^ (Acadernic pre«.>ew York. 1 994). pp.:? 1 5- 
;333. ''' 



25. W. F. Pope, S -Xie, D. M. Broermahn. K; P. Nephew, / 
:Reprod:Ferta\ Suppl, 40;: 25 1 (1990); 

26. Potential surrc^ates were cr^e^ for estrus twice a 
day. i Depending on th« exact . time of estrus, NT- 
derived embryo transfers: were perforjr^ ;S^ 17 
hours or 20 ;to 36 hours after the actual onset; of 
es^s f bro^ 6 ar^ ^ 

prior control :expertmenU :u in Vitro produced 
embryos cultured for, 22 nours after fertilization and:, 
^then trar^erred to a^.day .1 su'frc^te; 19^6f 100 
: eifnbryos recovered oh day 6; were at blastocyst stage. 
^wTth an^weragev nuclear nujnnbenpf ^S; for surgery.: 
gitts were lnduced with Perito^ 
riesj' and^^^ with -2% Halb- 

; trur«; : (Hatocarbon tabpralorje^^ver^e, A 
mioSrentral laparotomy; was perfb ar^:"emo«yos; 
vwere'- 1 ^^^!^:^;^/! Fr. tdr^:: catheter and 
ideposi^djntothew Examiriatiop;ort^ 
^es dunr^_en*ryp/ none of; 

■ the. surrogates' had coh^let^ipwlaMo^ 

27. C Pblge^L E" A. Rowson. K C Chang;;/ Rcpmd. 
; ^^ : ^ ; 39]S:(196o)i. 

i2& SuTOgatesV^s^ila^ fewj if anjjr sighs :of {Impending; 
J^a^uHticH^^ similar ; to^firrfings;reported jn p^r.spep 
d« (37> 34): Tj^y also Ucted;manroary t ;gl^ 
-yeu^rrent ar^;;« 

aU blsp^ye^JmiW slgra ^ of vulvar eritejrgerrierit and : 
elbru>atioa>ut mucK'less^jthan wouU^ 
expected. This would appear to imfica'te a defect In 
*e sibling; fr^r^nU the fetu&ei arid 

da^ahdvwuWm 

jtyVlh p^n^furtcaon. tr«se opservat^s were, 
made even in tr» nriatecl red pie nL 
Mkrosateul^Te^ fluoresr 
cent primers kindly proving : by the USDA- su pported 
U^Pig Ger^e -Coor^ro^^ 
by;Urit ; Tec^iinoibgie^ln^ T 
j. B^dbeib;etaCSc/^ 
J.X ; WUet;ai;7^n^/^oox^ 

L-bl et a£. unpu^l's^ . " " ... 

T. Tao, 2. Machaty,;L R. : Abeydeera, 8..N. Day.;R. S. 
Pratber, Zy^>^ 8. 6? ;(20p0); 
D;r^i.WeUs.pVr4:M 

9^6(1999)^ ' " ....'..J 

GGTA1 jwmologous seqiiencesVlnt^ 
begin ; — OB lA .^vy r^ream of exon 7- ar>d ^rrtln^ to 
^6:8 kb dbwns^arnvbfitne- er^ 
tibnTcassette^consisting pfi a ; Blp; internal ri tosome 
entry site^- ^T .coonn^se^uencesy (e^o<fing G4 18 
resistance), and flankihg stbp;c^bn*— ^s inserted 
ihtoiari Eco RV site; up strea m of the :^GTA1 ataly lie: 
domain in exqn ^ Targedhg'is assessed y^th i^ PCR 
assays. eacfV incorporating a prirrter -outside of the 
vector homolcgcKJS ^re^ri Ups^am ^nomic;« 
ture is assessedwl^ prim^ 

of "the 5 ' end oj|tne; p^au^ wcter) and W23.*(exbri: 
9' o^wnrtrcam of tr^ Mtedion ■ ^ 
sitejlUpon digenlon' with Ecp ' W; fragrrrents of : 2.6 kb 
(Wt: locusj, ! 3.1 ..kb: (arreted locusj.^and ^4jkb 
(ei^r^ lo^'s)fareJ 

stfu^ure Is : asse»ed With prin*rs,F527;;(exon;9;up^; 
stream of t^ selection cassette insertion site); and 
CR2520 '^ of tr»;pCalGT 

vector). Upoh;dis^s^ori with Sac I, fragments of 1.2 
k^ : (VVT locict: ii k> (targeted l«us). ; ar^;:Mitb: 
(ettHer^lbcus) are"': produced' „ ^ 
36. We- thar^ Af - ^fwn^rid D. -Ciske for -care of the 
surrogate gilts during gestatibrc^T, Cantley for help 
with: surgical embryo tramfers; j. .C Uttlmer for 
echocardiography;^^^ 
bvertnar^ A Cabot a^ a care 
for; tr«. piglets after S. Am for miniature 

swine^ mar«gement,an'd fasistartce;: K.Baetscher and 
b^Ak^rtifbrtte 

of^eUiengi^rir^ conv 
rrrtnts on the rrianuscri ^! 
MiUerfur^;^ 

ji^bf^issour^C^iurnbia (K-T.C), NIH; grant T32 
RR07004 (p,iC).,and NIH National Genter for Re- 
search; Resources 1 ^nt-R44,RR1 SI 98;' " 

20 : No^rhber 2001 ;: accepted 1 7 December 2001 

Published; online 3 January 2002;. 

iai 1 26^nce;H068228 

Include mis Inforrhatlbh: when citing this ; paper- 



29. 



3a 

31: 
32. 
33. 

34: 

35: 



1092 



8 FEBRUARY 2002; VGL 29S: SCIENCE www.sciencemag.org 




ResearchArtigle 



o 
P 



C 

o 



a 

s 

,c; 
IE. 

a. 

£ 

in 
2; 
<N 
O 

O- 






.3- 








Vifen Dai^ Jodd DiVaught 1 , Jeremy Ektohe^SWHu^ 
Jeff A. MonahanS Reter M. jobst\ Kenneth J. McCreatbl Ashley E.L^ 

Kevin aWelis 1 , Alan Coiman?;!lrina A/Poleja^a 1 , and-Dayid LAyares 1 

G^ac^e-dl^^ causing; hyperacute rejection in.pig-to-human 
xenotra^larrtafo 

rerombir^^ Here Wareportthedis, 

Ojption ^one^ietevof ft and female porcine primary: fetal fibroblasts: 

iTargeting;^ bjpt analysis; and 7 of them we'reused for nuclear trans-- 
fertilising celte^rom^one ^ 

and apparently healthy; Sbuth^rri Wot;^ p|glets certain bne^s pig 
at3dT allele. 



Galactose-al ;3-galactose (ai iSGal) epitopes are a common carbohy- 
drate structure bn.thc cell surface of almost all mammals with the 
exception of humar^^^ Synthesis of the 

ai,3Gaf epitope is catalyzed by the iejp^evir^^ 
rerase : do:not have : a functional copy: of the 

^l^Tgene.^n?^ 
presence of ^ 

the major ,<^use^ .hy^ (HAR) in; pfg;tb-human 

kenou-amplahtatibnHlthas^ 

of ime tptalcfculau^ 

ber of strategies toave been usee! to reduce or eliminate 
al v3Gal -induced ;HAR., These meuhods 2 ^ include pyerexpression >of 
a2;3-sialyltrai^^ 

; pete<w^^ pf , pig orgar^r with a-gajactosidase. tp 

reinoVe surface 

genes, such as : h^ar^dec^ai^^i^^c tor (DAF), ;in transgenic 
.pig organs to suppress the complement - reaction; and temporary 
depletlbn of ^natural anti -dl ^Gal ^antibody xfrqm .recipients before 
|r^^|ant^ni All these methods" only: partially or temporarily 
removethe ai;3GaUfrom the smfacc of tlic. xenografts, however and 
^heirli^dual ctl ,3Gal molecules are still su^cicnt. to activate the 




vvchievabic^ a) .3GT' gene, loT^GT knockout mice 

have beeii made^by a :numUr of groups^ . When tissues from these 
.m ice are exposed; to human serum. ; W 

antifcal xenoantibody^^ rnormal m ice..resulting in 

a signif leant dec^ 

The clonmg:^ sheep^at 5 ; cattle! 0 ," and pigs 11 by somatic cell 
; nuclear transfer prpyides^ OT^!?*:. 
mg- genes in mammals ou^r than mice: t he p ^ 
sheep: with, :targetey insefaons it the :;dyihe al (P-proc»llagen 
(COUAl) fecusishowed; mat^ viable -an irnab can be produced via 
nuclear- transfer with gehe|targeted cultured fibrobl^ts!?. The 



al ,3GT gene r^ recently been succcssfiily deleted in sheep fibrob- 
lasts and in fetuses cioh(xi:^ 

.animals resulted, ihese =c^r^rimefe; showed; that it Is; feasible to 
disrupt:thc al ;3GT gene using nuclear traiisfer techniques in live-? 
stock. Lai erai j]ave disruption of one allele pf 

theal;3GTgeheu 

UieseiceiisH; However. the:onjy evidence of gene targeting offered in 
ihjsjrepqrt'^as];PGR ^nalyste'cf rerom we 
present, genomic Southern blot-analyses showing siKcessful dismp-' 
tipn of one copy of the al;3CTf gene in c^tured male and;4female; 
porcine fetal fibroblasts. To: date weihave produced five ;apparendy 
healthy 6tl,,3CT tmpC 

Because ; the al ;3GT gene is expressed weUi in porcine fetal fibroblasts 
(PPL Therapeutics, it ^;posibfe fto enrich for 

homologous recombmation events usmg a promoterru^ 
vector strait(^^vTTO^mt6r knp^ 

were constructed from 1 isogenic DNA Of5LAl-l0 aiid : PGFE4r2 cells, 

rcsriectiyely/by insert 

c*dri9.(^ 

al 3GT ; ! gene,;ihcluding the sequences encoding : &;ci^yt|c.xipmaui, 
is located itfexb^^ 
to result jnj^^ 

Fptir din^rent early^passage 
lasts cell lines were used v fbr;;transf^Uon: thejniale ^ "cell , lines SLAl-1 0^. 
PGFF4-2- andPCFF4-3 : ^ 

were transected with the isogenk. vector pPL654, and PGFF4-2 cells 
were:;transfectecl with ;the Isogenic vector pPL657; The;RCFF4r3 and; 
PCFF4-6 cell lin^vterederive^ the fetusused to 

id^fceiPCFr^landte 

G418-resistant colonies were screened iby 3* j PGR with heo442S (a 
sequence from the 3' end of ■ weo) and aGTE9A2 1 fe^uen^f^nri-the' 
i' end:. of exbn 9 in sequences • located outside :the 3^ recombination 



iPPLThcnpeuiicsIn^ 

*ttresfonding author (yda 
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Figui*1:Disnjr>^ 
trte'cbrresfx^ 

the structure of the targeted focus after homologous ^ 

: (rjPt654and pPL657) ha\^ the sanve design exc^ that-the ctl ,3GT sequences: preserrt in the \ 

;reoon^inatioh arms are aWive<rfo 

a0rii=8S: 5'^<^^ 

The snort&r ihd^ usedifof al ,3GT Sci&^b^tani^ 



tferorajd primer and aG 

vvater.:and wad-type (PGFF4-6) c^s^were us^. to ensure . 
6^A^8;^7A-I6,657>^ill/.W^ 
wasin^ 

= T^fickimateiy 1 ibbb 

printer. ELB- water, and pCFF4-6 cells were usedfas rie^ve cort L and 

i 6OTA^6are irniividuali G41 8-resistant colonies. 



ami) .as forward and reverse ^ 

cc^ul ^ ihe£&^ 

-product be obtained^ 

erit ceil lines,'! , 105'G418^ were picked.of which ICjO 

(9%): ^ initial 3' PGR 

sci^ (range 2:5^12%; Table l );Fi^ I B shows tJie ^- for 
-a. repi^nr^tive group of G4J&rai^^ 
657A~l6?andio*57MM 

troi PCFF4-&;ce^hd arother; G4l£r&^nt;^ 

not. A portion pleach 3' PCiRT^sitiye;a)iony was frozen immediately 

m^veral small aJiqubtsT^^ 

and thei^torthecelk we 

: a^d$q^ 

Fr6m;bur and buHe^ 
sis';by rcR-prm 

rtrombinatioirJurKtions.wouki.be p 

results. Therefore, to luruicr whfirin successful torgeting^at jhe; 
al t 3C^F iociis,: We:carned out an IJR^PCR ^experiment encompassing 
the ■^tJ^= : tj^r^cl region; lK;:ER-PGR^c^ al,3GT 
genom jc sequencer; rom : ;exon 8- tp; the end pf exbn 0V with both primers ; 
(aCTI&S and aGTE9A2): located outside the, recom bihatiohf region 



Table 1; Su mmary of 3' PQR^ 
G418-resistant ; colonies 



Cells (sax); 



Knockout 

vector^; 



NoJbfG418 R 
colonies 



^o b(3' PCR* 



Nb.pf LR-PCR* 
co!onios{%) 



SLA1- ; 10(M) pPL654 
PCFF4-2(M) pPL657 
PCFF4*3 (M); pPL657 


127 


4(3%) 


0 


0 


179 

2d0 


22(42%): 
5(2.5%); 


11 (6%). 
1 (0;5%) 


2(1%); 

;1(0.5%) 


PGFF4^6(F) pPL657 


599 


69(11.5%) 


18(3%)< 


14(2%) 



Results for SL>1-10, pCFF4-2; ^ <^lls are from tw i^ ceB; result 

for PCFF4i3'cells is from br«-|rar«fecti6ri. " ' " v 



'^ig:i A) . The control PC : FF4-6'cclls and thc;3' PGR-negatke. coioiiy, 
G57M^iis3^^i 6nlyTthc ; banc! from the wild • 

;tyrjeai;3GTi6cus(Eig.^ 

.coIpuies;;657A-A8; : 657A^ . showed ^thithe M-Kb 

^hpjbgenp^b^ ]^^^0^j^^^tc^r tai> 

geted insertion:of& 

jAsjsprne13 / ;PGR-r^ from' PGR artifacti;, : .thc 

LR-PGRassay is crucial to conflnn successfid knockou As evi- 

dence of this fact, or^y 3VPGRtf^sitrve could be 

Conhrrnea^b>piPG^ 

Approxrmixejy half (17^ 
successfully ;expanded td^ieid- enbugfe for Southern 

;blbt.^al^isl' We : e^ tjh^.^Ioni^ 
for knockout at ; tne ai,3CT : locus ahd v A 
copy and;qne ; dlsrupted:c^ 

tion, the al,3GT khOGkbut cells should show,twb barids:,a 7 -kb 
of the sfee; expected for -th^^endpgeh^ al ,3GT allele ;ahd a:9-kb 
band characteristic of insertion : of rthe/7K£Sr/Jep. sequences. ; at the 
d.l;3GTlc<^ ffigs, 1 A, 2) v Soutliern blot knock- 
out of the, gerie, in a U 1 7 f LRhECRt poS itive colonies, The sanie mem- 
branes were re rprobed with sequences specif ic for neo. ahd the 9rkb 
band was detectecl^^ 

shbwri) ,\ :Cbnfinn ihg the ; targeted ahsertibh of 

' thej [RES^neo cassette: at the ; disrupted 6tl ,3CT 
locus. Table 1 summarizes the results of trans- 
•fection, 3': PGR, LR^PCR >; andC&uthern ibfet 
analysis RecbmbinatlbrifrequerK^^^ 
.est in : the ECFF4-2;and;.PCF^ 
■ the basis of the LR-PCR results, the overall 
<xl,3GT knockout rate in :G418-resistarit 
xo'lohies was 6% for ;rcFF4-2- ceils, 3% for 
:PGFF4-6:ce^^d 

fact that PCFF4-2 ceils: gave uhe highest recom ^ 
:binatipnfr^ 



N 6, of Southern* 
colqnies(%) 



naturebi^Gcttnotogy, • VOLUME 20'! • |WRCH2002. hl^y/b^^ture^; 



of these ceils with the pP^ compared 
with PCFF4-2 cellsi PCFF4-6 celk had a very simitar knockout effi- 
ciency even trough ^ were transfected with vector made from 
non4ogenicDNA.AsW 

derived from siblirig fetuses of the same pregnancy, it is possible that 
they share a common allele. 

We iised.severi&umern bbt^hfirmed al,3GT-kn6ckout single 
colonies for nuclear transfer; All cells useo^ transfer were 

frbmitheiaUqu^ imm^^^y Rafter ^jnitial 

3' PCR screenings The, karyoty^ was. checked: all 

hadchromo^ 

porcine fetal^broblast cells (r70% of spread^ with 3S criro . 
On average; apprbximateiy .150 r^bnsmicted; nuclei-transfer 
embryos were o-arisferred to the oviducts of each estrus-synchroriized 
'ralpientf^ale. All se^^q&csius^^ 

in very high inidalvpregnancy. rates at day :i25 ;(M^86%) :{Table 2). 
•However; all "prejgr^^ from ponies 657#-A8 'and 

'fB^£l2wcrc;iost^ 
xolortiesn^Uetf 

-One spontaneously- aborted day 38 fetus, from a 657A>A8 
nudear tfah^rirecipien LR^P^^nd^uthern 
blot analysis confirmed that ithe fetus: contained; a disrupted 
dl ,3GT locus (data not slwwn). Southern blot result from 657A- 
111 cells showed that the: 9- kb knockout band was less ihtehse than 
the 7-kb endogenous al,3GT band, ind icatmg that: this was most 
likely a mixed colony;c6htaihmghbth wU 
; knockout. cells:" There was some .c^ 

wUdrtype cells; in the ra ixed ; colo^^ the developmeht 

of I or pufcompete, in utero: fetuses^ derived fro mi the .al,3GT- 
'knockouVce^ 

;3£pregnancy^e^ wM^6$7A"-li| cells. 



A 




7 tfie^ev^^fe^es -contained adjsrupced^a^ (Fig v 2A); 
Notably; it vyasihe smaller fetus (fetus no. 2) that was wild type, 
and aU >ix nbjrrr^l-siz^'::fe^ 

; allele. These Tesuits: suggested that there was no discrimination 
against thelhete^ knocfo^ 
'Six^ive piglets derived from the .6 57 I U cells were: bom: on 





?the.undj^ 

the analysis of the seven day 32^ etuses from 657 Ar 1 11 cells, suggested 
that ^e colony G57A 

: cd . with w i'ld- type;ceils. All fetuses and. olfspring bbtairied fronitthe 
;Xxl;3GT 'toockou&cells m the 657A-I11 population were^deyeiop- 
mentMly normal Physical examlraUonof the five knddcout piglets at 

oTio^noruh;o^ no abnprm.ajjtiesL. 1 Thb cpntrasts wjth^he- 



9 



7kb— : 



B 




r~ 7kb 



Table 2. Summary of nudear transfer results from a1 ( 3GT knockout primary fibroblast cells 



Nuclear donor cell line PCFF4-6 ^GFF4-6 RCFF4-S 

Celfclone 657A-I11 657A-A8 657A-F12 

; s©c ' . . f ;f;.. f 

Emtyyos transfer 1097. 825 591 

Recipients 7 -5; 4 

Pregnandes , at day - 25 & 3 2 " 

Pregnancies at day 45 ,3* ,0 "0 

Piglets at birth c 6 0 0 



•Bassed on 6 recipients' since 6he:day: 32 pregnancy was ' tirrni rated, for fetal fibroblast isolation: 6 Based bri 6 : recfpierits since one : 
day 3$ pregnancy vras terminated for fetal fibroblast isolation. c As dated on January 25, 2002; Six piglets were .boVri from. pne 
6S7A-I1 1 recipterrt on December 25, 2001 Another 16 reapients beyond day 45 of pregnancy are due after January 25! 2002, 



.Figure i$puthernW^ 

pigl£ts/{A]i;^ 

1-7.are Ss/E! l-d igested genornki DN Afr^ day 32 fetuses derived 
^fronve^A-tll c^ 
as a negative cohtrolT^ 

gene and the £fobandte^^ locus. (B) Southern; 

; analysis of DNA from six piglets. Lane O Is the normal pigDNA digested 

wiin&iEliLane^ 

from 657A-IT1c«Bs; The 7 £ ^ 

gerie~aridthe ^kb band represen^^ locus. 



report by I^i er al l Vm: whkfr^ seven piglets survived for 

mbrethan^a 

abnormalities T^es^ to many 

factoid, including d 

fbrnuclrar^raiisfe 

Wha^epWxIiicwlg 
out piglets by; nuciear transfe 

6nd- and third- trimester/p be>orti;^ ^ two feiriale 

and^hrcc: male al .3GT imocl^ut ooto (Table 2)l\\fe expect that 
most wUl go to ceraras we-hav^ne^ 

pigs after 45 days of gestation (o^ta not show The next step iis- to 
obtain homozygous pi^ widi^both alleles mactiyated. This 

could be done eirjie^ breeding of "male and female 

heterozygous knockout animals or thro ugh. gerw. targeting with hej- 
erbzygous too^out cells to dism^ 
second round of ™ 

passage heterozygous aljlGT j^rie^lsrupted-; fetal, tfibrbbiasts, 
obtained from the day 32^ 

erabiy raster to create the second j^ockc^t in- these cells in vitro arid 
obtain homozygoiis knockoiit; an|malS; by nuclear fransfcn'lfetural 
breed ing- to T-homozygpsity will also beuscd; but this method will take 
considerably longer : :be^u^ male, knock- 

out clones iri ute/b and the tlirie to s^ual maturity.; 
LiyGrb^trahayeb 

mat used f ibroblasts obta'iried 
. from .cloned: fetuses 1 . J . Re- 
gion Ing experiments by our 
:grougj* using ^ild-type 
porcine fetal ^fibroblasts 
derived from a day *40 
cloned fetus, have shown an 
80%'pfegria^ 
(BPL therapeutics, unpub- 
lished:dataK These da^'sug- 
gest that it wUt be: reasibie;to 
obtain ^m^gou^gl^GX 
Iknockout; pigs 3>y/;a second 
iknockout and redoriihg 



PCFF4-6 
657A-I6 

976 

(5 
5 

,4. 

Pending 



PCFF/l-2? 
657F-J10 

1009 

■5' 

;Pending; 



PCFF4>2 

657F-C11: 

M 

775 

4 

^2 

; : 2 

Pending 



F'C^F^ 
667B-K8: 

Si 

1165 

7 

6 

:Pending 
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Figure 31 £^ 



strategy^ln^^ gcrie,^ .n^t ari : 

embryonic lethal mutation, .although : , such mice, have; developed 
cataracts 6 . Pig cells expr^ sign^ mpi^ a^3GM epitope^ ibn. 
their surface than do: mo^ 

that al,3GT may have some adoUtiorial, ; ^fopyvn jroje ;irf pi&% 
Although heterozygous eel ;3GT knockoutfptgs are deveiopmentally 
normal; itis notrknpym of Ctl ,3GT 

wlUbemor£{^ 

EpmpleteTemovalpf^ 
combined, with tr^^ 
teins should prevent 
the present 

success of xenptr^spiantatio.n will also/depend risk; asscssm cut of 
s.ifety factors sticlras pbrcirie ehdbgeribiis fe^ brt the 

(ievelqpmentvof strategies that addressidelayed- vasctiiar and T-ceil^ 
moated ^^Mph^l^^ a .near-: 

term; solution to trkenionic' shortage of .hiiman organs;{such as heart; 
ahd;kitfne^),ffi 

Ispla tion and; U^t^feUpn of pn ma ry p orci ne! fetal, fi brptilasts,. PC FF4 -1 to 
nancy ; 2t day 33 -df gesUUoa After/rem 

Were ^ 'washed: with" Hanks*' balanced: salt solution; (EBSS; -Gibco-BRb; 

Rpcky]lte,MD)^ 

sors. tite;n^e-ra 

DM EM and 100 IWrnLcofo^ incu- 
bated Tor. 46Vmm in' a Shaking water bath, at 37"C. f he digested" tissue'-was : 
allowed to settle for 3-4 miri arid Hie 'cell t rich si i |')«r na tahcwas: transferred: tb : 
& new 50-ml ;'tube ; and pelle cells wefe'then ires^pended;^ nil:of/ 

D M EM conta^n^ ,1x npne^enUai amino acids, 

1 mlyi^sppUum^pyr and 2:ng/mi^ 

racior' : <bFGl^ jnqMarapblls;^ 
into^ibfem dishes: Ail ccijs/^r^rtxyo^ 

SLAT- 1 to SLAl - lO.celjs were .isolated from! 1 0.fetuses at day 28 of pregnancy. 
Fetuses \yere mashed thrbughfa 60-mesh 

usi hgcuryed surgical ; f oraps; slowly so as "not: to generate: excessive :heat. The 
cell Suspension was then pelleted and resu5pexide^ in 30 m 
uirungnO^jFGSijlx npn^endal:.^ acids; 2ji^l,bFGR arid 1Q fig/ml, 
gentamycfo'S 

cryopreseryed. Fori U^sfecUors, 10 ug;p£iineari2ed: Wtpr- DN^ was intrpf 
duced into.2 miijipnte^ 

tidn, theXtransfected cells were seeded into „48twelt plates at a. density of 
2,000 cellsTper iwell and were selected wiur250 jU^rril bf.G4i8.(Gibcb. BRL) . 

Knp^toupyectbr consti^ction^ Two Wli3GT ^(^^.^wrv.pP^ and; 
pPL657/were ^co^^co^from^genlc; bW:pf^p;;priiTuiry porcine fetal 
fibroblasts;^ 

which inciudes most of i^n 8 andexon by PCR from purified 



DNAofSLAl-lO cells and PGFF4.2 cells, respectf^ at 
,^5'ehdpf «?h9w^^ 
fragment^ inser^ 
tipnsasatrans^la^ 

^recombination arm and a Itob 3^ reepmbinadon arm (Fig. lA). 
3'PGR ahdlbrig-rahge RCfc 

S|tl embryo lysU buffer (ELB). (40 : mM Tr& ptf 0:9%^ Iri^n^lOO; 
0.9%;Nprd^ 

to iyse o^ celis;and heated to 95*C for 1 0 niin to inactivate ^e: proteinase 
■For 3 f : PG R . analysis, f ragrnents were, amplified using the Expand-High 
FideUty PCR system (Roche Moleeu^^ 

ume with toefollowi^ cycles of" l.^n;ag94 9 ^^imfn at 

6f>C;and£m^ 

TAKARALA^ reactlpnyol- 
ume with the foitowing pararneters: 30'cycles of -i$ ia^94^>.#s:at:65*C, 
:I0 min.+.2Q siricra and onelfinal cycle of 7 niih at 68*G; 

3^PGR ; arid ; rLRrPGR^6nditiohsrfbr purified DNA was •same as for cells 
except that ! ill. of purifled^EJNA (30^ml^was mixed '^^JgiiliB. 

Southern 'blot analysis pf-xeli samples. .Approximately lG*^ceils-werej;iysed 
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Abstract 

this study we have characterized Ab responses, following xenograft and allograft Transplantation, 

mice) and deternuned U,e T-«e» ^njence of ^WG ' ^J*™^ ho Uver, * ase Abs could not elicit 

GT-Ko mice produce natural cSi^ xerWaft o4 days) or allograft Section (7-9 days). Transplantation of 

hyperacute rejection nor af to d* rate o cardiac ^ograf V 5 W « up ■ ^ ^ ^ ^ 

xenogeneic IgM and aU four IgG subclasses. Transplantation 

restricted to the IgM and Ig03 subclass wmie tne £T™ 7J non „, thf r t were primarily IfiM, but vigorous alloAb responses, 
of allogeneic C3H hearts ^ «f[ ^^J^SS^J^SrX responses are T-cell dependent. 
T?el«X?^ ~ be explained by the dependence of 

?3G**& B 5? » co^te help from T cells. S> 2000 Elsevier Science SA All rights reserved. 




1. Introduction 

The inadequate supply of human organs has created 
a strong interest in the use of non-primate organs for 
clinical transplantation but vigorous immune reactions 
prevent their current use in humans. The expression of 
transgenic human complement regulatory genes con- 
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fers to porcine organs resistance to complement-media- 
ted hyperacute rejection 1-4. However, significant 
immune responses directed against the xenograft re- 
main, and the xenografts are eventually rejected by a 
process collectively referred to as acute vascular rejec- 
tion (AVR) or delayed xenograft rejection (DXR). The 
production of XAbs is a dominant feature of 
AVR DXR and there is increasing evidence that 
elicited XAbs are \ht primary mediators of AVR DXR 
5,6. 

The hyperacute rejection of porcine organs by hu- 
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mans or Old World monkeys is elicited by naturally 
occurring anti-pig Abs that are directed to a single 
carbohydrate epitope, aUGal 7,8, The elicited inv 
mu ne response following exposure to porcine tissues 
also appears to be directed primarily at the al,3Gal 
epitope 9-12 , There are conflicting data as to whether 
natural and elicited anti-al,3Gal Ab production fol- 
lowing xenotransplantation is T cell-dependent. On one 
hand, the resistance to conventional T ceil immunosup- 
pression and the lack of elicited Abs that recognize 
new antigenic determinants are consistent with a T- 
independent anti-carbohydrate response, while obser- 
vations of vigorous anti-al,3Gal IgG production and 
increased affinities for <xl,3Gal suggest that it may be 
T-ceil dependent 10-13. 

Opportunities to study anti-al,3Gal responses have 
historically been restricted to Old World monkeys or 
humans 14 . However, the recent generation of mice 
with disrupted a 1,3-galactosyltransferasc (GT) genes, 
GT-Ko mice, provides an opportunity to study the 
immunological basis of the anti-al,3Gal Ab response 
15-21 . In this study we have characterized anti- 
od,3Gal Ab in GT-Ko mice and determined the T-cell 
dependence antx-al,3Gal Ab response following 
xenograft and allograft transplantation. 



2. Materials and methods 
2.2. Animals 

GT-Ko mice were produced by homologous recombi- 
nation of the otl,3-galactosyltransf erase gene in 129 ES 
ceils, recombinant clones were transferred into 
(C57BL 6 X DBA 2)F1 mice, and a homozygous line 
was established on a background of C57BL 6, DBA 2 
and l29SvSn strains 16 . These mice were obtained 
from Dr John Lowe (Howard Hughes Medical Insti- 
tute, U. Michigan, Ann Arbor, MI, USA) and main- 
tained at the Rush Presbyterian St. Luke's Medical 
Center- Ten to 16-day-old Lewis rats (Harlan, Walk- 
ersville, MD, USA) or 8-10-week-old C3H mice 
(Taconic, Germantown, NY, USA) were used as heart 
donors. 

2.1 Transplantation 

Heterotopic mouse or rat hearts were transplanted 
into the abdomen of the recipient by anastomosing the 
donor aorta and recipient aorta, and the donor pulmo- 
nary artery and recipient inferior vena cava as previ- 
ously described 22 . Human serum and or baby rabbit 
complement (Pel-Freeze, Rogers, AR, USA) was intro- 
duced by intravenous injection into the penile vein or 
tail vein, and grafts were observed for 30-60 min 
before closing. The heart grafts were palpated hourly 
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for the first day, then daily until rejection. Rejection is 
defined as complete cessation of pulsation, 

Z3. Serum 

Human serum was obtained from one individual with 
high titers of antj-al,3Gal Abs. Pooled GT-Ko mouse 
serum was harvested after xenograft or allograft rejec- 
tion, and heat-inactivate at 56°C for 30 min. Anti- 
al,3Gal Abs were depleted from pooled GT-Ko mouse 
serum by affinity chromatography using Gala(l,3) 
Gal£(l,3)GluNAe conjugated resin (Nextran, Prince- 
ton, NJ, USA). 

2A, Quantification ofanti-aI f 3GalAb titers 

Anti-al>3Gal Ab titers were determined by enzyme- 
Unkcd immunosorbent assay (ELISA) using BSA- 
«l,3Gal (V-Labs, Covington, LA, USA) as a specific 
antigen (10 p,g nil), and BSA (Sigma, St. Louis, MO, 
USA) as non-specific control. For competition experi- 
ments, serial dilutions of mouse serum were prein- 
cubated with 10 mM al,3Gal trisaccharide (Cytel, San 
Diego, CA, USA) for 1 h at 4*C. BSA-aI3Gal- or 
BSA-coated plates (Costar, Corning, NY, USA) were 
pre-blocked with 5% BSA PBS, then serum was added. 
After 1 h, plates were washed, blocked with 5% 
BSA PBS then incubated with horse radish peroxidase 
(HRP)-conjugated anti-mouse IgM or anti-mouse IgG 
(Jackson ImmunoResearch, West Grove, PA, USA). 
For quantifying the anti-al,3Gal IgG subclass, biotiny- 
lated isorype-specific monoclonal Abs (PharMingen, 
San Diego, CA, USA) and StrepavidhvHRP (Dako 
Corp., Carpenteria, CA, USA) were used. Standards of 
mouse IgM, IgGl, IgG2a t IgG2b and IgG3 were pur- 
chased from PharMingen, serially diluted and added ro 
each plate at the same time the plates were coated with 
BSA-ctl,3Gal or BSA. The welis coated with standards 
were subject to the same treatment as experimental 
wells, except that no sera were added. The relative 
concentrations of anti-al,3Gai IgG subclasses In the 
sera were determined by comparison of o.d. to the 
standard curve of each IgG subclass, 

2.3. Quantification of xeno-specific and allo-specific Ab 
titers 

Xeno-specifte and allo-specific Ab titers were de- 
termined by flow cytometry as previously described 22 . 
Briefly, 1 50 or 1 100 dilutions of mouse serum were 
pre-incubated With al,3Gal trisaccharide (Cytel, San 
Diego, CA, USA) for I h at room temperature. Then 
I0 fi Lewis rat erythrocytes or C3H lymphocytes were 
incubated with the mouse serum for 1 h at room 
temperature. The cells were washed and incubated with 
phycoerythrin-conjugated anti-mouse IgM (Jackson Irn- 



I6-Fab-200G 02:41pm From-GERON CORP IP 



4-8504738654 



T-019 P. 004/010 F-292 



ASL-K Chans # «*• Transplant Invnunfibgy 8 {2000) 129-137 



munoresearcb) or fluorescein-conjugated anti-mouse 
IgG (Southern Biotechnology, Birmingham, AL, USA), 
For identifying the IgG subclasses, biotinylated 
isotype-spedfic monoclonal Abs and Strepavidin-FITC 
(PharMingcn, San Diego, CA, USA) were used. The 
mean auorescencc intensity (MFD was determined by 
flow cytometry (Ortho Cytoron Absolut, Ortho Diag- 
nostic Systems, Raritan, NJ, USA). The percent of xeno 
or alio Ab response that is anti-al,3Gal-specific was 
calculated from the MFI for unblocked scrum and 
otl,3Gal trisaccharids-blocked serum. These values 
were converted to linear scale and calculated using the 
equation: 

%al,3Gal reactive Abs 



2.6*. Hisrology and invnunohixochemistry 

Heart grafts were surgically removed and snap-frozen 
in Tissue-Tek OCT (Sakura Finetek USA, Torrcnce, 
CA, USA) using liquid nitrogen. The hearts were sec- 
tioned (5 M-tn) and stained with hematoxylin and cosin 
(H&E). Other sections for immunohistochemical stain- 
ing were subject to the standard avidin-biotin peroxi- 
dase (ABO method as previously described 22 . Pri- 
mary Abs of anti-mouse IgM 0*4-22), anti-mouse IgG 
(R3-34), anti-TCRap (H57-597), anti-CD4 (H129-19), 
anti-CDSa (53-6,7), Mac-lCMl 70), and antJ-CD45RB 
(RA3-6B2) were purchased from PharMingen, biotiny- 
lated goat anti-mouse IgG and HRP-conjugated-strep^ 
tavidin were from Jackson Irumunochern. Labs. (West 
Grove, PA, USA) and Zymed Labs (South San Fran- 
cisco, CA, USA), respectively. Immunostaining was de- 
veloped with chrornogen, 3,3'-diaroinobenxidine solu- 
tion, and counterstained with Mayer's hematoxylin. 



3. Results 

3.1. Relationship between age of GT-Ko mice and titers of 
anri-cd t 3Ga!Abs 

In humans, maternally-derived anti-al,3Gal Abs de- 
crease to the lowest levels at 3-6 months of age, then 
natural a-al,3GaI Ab titers gradually rise to steady 
state levels in 2-4 years 23 , We first tested whether a 
similar increase in anti-ot l,3Gal Abs occurs in GT-Ko 
mice maintained in our facility. We quantified the titers 
of anti-ot l,3Gal Abs with an ELISA using immobilized 
al,3Gal conjugate^ to BSA as a specific substrate, and 
BSA as a non-specific control The specificity of the 
assay was further confirmed by the ability of 10 niM 
al,3Gal-trisaccharirJe to abrogate IgM and IgG bind- 
ing to BSA-al,3Gal. We observed an age-dependent 
increase in the titers of anti-ccl,3Gal Abs — there was 
approximately a twofold increase in anti-al 1 3Gal IgM 
titers berween the first (6-13 weeks) and second (13-22 
weeks) age group, and a greater than fourfold between 
the first and third ( 22 weeks) age group (Fig. 1A). A 
Similar increase wjis observed with anti-otl^Gal IgG 
titers (Fig. IB), The titers of anti-ot l,3Gal IgM in- 
creased before the titers of anti-C£l,3Gal IgG; anti- 
ctl t 3Gal IgM could be detected in the serurh in 6-13 
weeks old GT-Ko mice whereas anti-ot l,3Gal IgG was 
first detected in GT-Ko mice at 13-22 weeks of age. 

3.2. Effect of preformed anti-ctl,3GalAbs on xenograft 
rejection 

It has been established that pre-formed anti-al,3Gal 
Abs in baboons or humans elicit hyperacute rejection 
of porcine grafts. We therefore asked whether Lewis 
rat hearts could be hyperacuteiy rejected by the pre- 
formed anti-oil,3Gal Abs in GT r Ko mice. Cohorts of 
GT-Ko mice were divided into three age groups as 
defined in Fig. 1. Heterotopically transplanted Lewis 





i tw of anti-al SGal Abs increase wiih ate in GT-Ko mice. ELISA plates were coated witU BSA^UGal or BSA (10 u-g ml). Scrum was 
^^^S^^T^Z^A vita after birth, and *** «*> ^ ™*: "^VS* V* « *° ™* 
£2 SWWWA anri-rnouse Abs, Gal: Serum was pittncuMed with 2 mM «l3Gal-tH S «cchundMor 1 h « room W™« 

{N 5-9 per group) group and bars represent S,E.M. 
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6-12 weeks old GT-Kg mice 
13-22 weeks old GT-Ko mice 

22 weeks old GT-Ko mice 
8-12 weeks old WT-F1 mice 

15 weeks old GT-Ko mico 
8-12 weeks old WT-F1 mice 



Lewi* rat 
Lewis rat 
Lewis ral 
Lewis rat 
C3H 
C3H 



4,4,5, 5. 5,5,5, 5,5 
3,4,4,4,4,5,5 
4,4,4,4,4,5, 5,5,5 

7,7.7.7, 8,8,8,9 
8,8.8, 8,8 



4.5 0.4 
4,1 0.6 
4.4 Oi 
fcO 0 

7.6 0.7 
8,0 0 



rat hearts were rejected in 3-5 days, with no observ- 
able effect of age on the rate of rejection (Table 1). 
Lewis rat hearts were rejected by control (C57BL 6 
DBA 2)F1 mice in 6 days. The pathological features 
were consistent with humoral rejection, namely hemor- 
rhage, edema, thrombosis, myocyte necrosis, IgM depo- 
sition and a modest cellular infiltrate that was predomi- 
nantly macrophages (Fig. 2 and data not shown). 

The inability of pre-formed anti-ct l ? 3Gal Abs to elicit 
hyperacute rejection could be due to insufficient pre- 
formed auti-al^Gal Abs or to the ability of the rat 
complement regulatory proteins to inhibit mouse com- 
plement activation. To test these possibilities, we as- 
sessed the ability of heterologous complement, from 
rabbit or human serum, to induce hyperacute rejection 
of Lewis rat hearts when transplanted into GT-Ko mice 
( 12 weeks old). In three of four individuals 0.2 ml of 
rabbit serum, which does not contain anti-al,3Gal Abs, 
induced hyperacute or accelerated rejection of Lewis 
rat hearts in six of seven hearts (Tabic 2). Higher doses 
of rabbit complement were toxic (data not shown). 
Pooled human serum (0.25 ml), which contains both 
anti-al,3Gal Abs and heterologous complement, in- 
duced hyperacute rejection of all four Lewis rat beans 
(Table 2), Heat inactivation of complement completely 
abrogated the ability of human serum to induce hyper- 



acute rejection, while, coadministration of heat inacti- 
vated human serum with rabbit complement induced 
hyperacute rejection of Lewis rat hearts (Table 2). 
These data suggest that the GT-Ko mice can elicit 
hyperacute or accelerated rejection of Lewis rai hearts 
if heterologous complement regulatory and or additio- 
nal anti-al,3Gal Abs were present These results cor- 
roborate and extend the observations made by McKen- 
zie et al. 18 . 

3,5. Anti-al,3CalAb production following 
xenotransplantation 

The elicited xenoAb response following transplanta- 
tion of porcine grafts into Old World primates and 
humans are directed primarily at anti-ot l,3Gal epi- 
topes. We tested the dominance of anti-al,3Gal Abs in 
the Lewis rat-to-0T-Ko mouse model. Xenograft rejec- 
tion was accompanied by an increase in anU-al,3Gal 
Abs (Fig. 3). The titers of anti-al,3Gal IgM and IgG 
increased four to eightfold and eight to 16-fold, respec- 
tively, at the time of rejection (Fig. 3). The isotype of 
circulating anti-<xl,3Gal Abs was determined by ELISA 
and compared to a standard Curve of purified mouse 
IgM or IgGl, IgG2a, IgG2b or IgG3. The elicited 
antf-otl,3Gal Abs were predominandy IgM (S3«0 
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Table 2 



Hyperacute rejection of Lewis rat hearts transplanted into GT-Ko mice 



Treatment 



None 

Rabbit aerum 
Human serum 

Heat-inactivated Human serum 
Heat-inactivated twroan serum 



Rabbit serum 



Vol. (ml) 



0.2 

0,25 

0.5 

0.25 0.2 



Graft survival 



Mean $,&M. 



4. 4,5,5,5, 5, 5, 5, 5 days 
4,4,4.5, 4.5,15, 1* 120 h 
8,15,16, l8mio 
1,$, 4, 4, 4, 5 days 



4.8 
24.7 
14.8 

3.S 



0.4 days 
16.1 h 
2.4 cam 
0.7 days 



1.7S 0.3 h 



|Lg m0 and IgG3 (108.7 p.g ml) (Fig. 3A). At 20 days 
post-transplantation with Lewis rat hearts, less than 5 
jtg ml of anti-*l,3Gal IgG2a and 2b and ljxg ml 
anti-otl,3Gal IgGl were detected in the serum of GT- 
Ko mice (Fig, 4A). 

We next defined what portion of the XAb response 
in GT-Ko mice was al^Gal specific. The preformed 
natural XAbs in GT-KO mice axe largely al,3Gal 
specific since binding of these XAbs to Lewis RBC 
targets were inhibited by 10 mM al.3Gal trisaccharide 
(Fig. 5). .Following transplantation of Lewis rats, the 
titers of xenoreactive IgM increased 4.6-54-fold, de- 
pending on the pre-transplant levels of xenoreactive 
IgM, while the titers of xenoreactive IgG increased 
6,2-11-foW (Fig. 5). The subclasses of circulating 
xenoreactive IgG were IgG2a IgG3 IgGl IgG2b 



in GT-Ko mice at 20 days after transplantation with 
Lewis rat hearts (Fig. 4A). Xenoreactive IgM and IgG 
binding to Lewis RBC targets was marginally reduced 
( 30%) by 10 raM otl>3GaMrisaccharide suggesting 
that the ami-a 1,30a! Ab response was a minor compo- 
nent of the total xenoantibody response in GT-Ko mice 
(Fig. 5), To further test this conclusion, we pooled 
serum from GT-Ko mice with rejected Lewis rai hearts, 
and depleted the serum of anti-al.SGal Abs. Intra- 
venous injection of 0,2 ml of pooled heat-inactivated 
serum, either non-depleted or antt-otli3Gal Ab-de- 
plcted, were able to induce hyperacute rejection of 
freshly transplanted Lewis rat hearts (Table 3). These 
observations confirm that anti-otl^Gal Abs play a mi- 
nor role in xenograft rejection in this Lewis rat-to-GT- 
Ko mouse model. 
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described for Fig. X. 
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Tabid 3 

Hole of ttnti-Gal Abs in hyperacute /ejection 



Vol. (ml) 



Graft survival 



Mean S.EM. 



Graft: Lewis rat hearts 
None 

Hl-Poolcd Xabs 

HI-Anti-Gal depleted pooled Xabs 
Human scrum 

Graft C3H hearts 
Hone 

Pooled AJlo-Abs 
Pooled AJlo-Abs 
Human serum 



0.2 

0,25 

0.25 



0.2 
0.4 
0.4 



4, 4, 4, 4, 4, 5, 5, 5,5days 

5,7, 7, 8 min 
15, 15, 20, 2G min 
8, 15, 18, IS mill 

7,7,7,7,8, $.8, 9 cay* 

8 days 
S, 8 ct&ys 

9,12,15,20,20 min 



4.4 Q.2dayfi 

6.8 0.6 min 
17.5 1.4 min 
14.8 2.4 min 

7.6 0.7 days 

8 days 
8 days 

15.2 2.2 min 



3,4, Comparison of anri-al f 3GalAb production following 
xenograft or allograft transplantation 

Anti-ort,3Gal Ab production in humans are only 
elicited following xenotransplantation, however, a num- 
ber of early studies with GT-Ko mice have used syn- 
geneic or allogeneic wild-type grafts to stimulate anti- 
od,3Gal production 17>18,24 , We hypothesized that 
allografts may be less effective at stimulating anti- 
otl^Gal Ab production in GT-Ko mice compared to 
xenografts. To test this hypothesis, we transplanted 
allogeneic C3H hearts into GT-Ko mice ( 12 weeks 
old), Allogeneic C3H hearts were rejected by GT-Ko 
mice in 7.6 days, respectively (Table 1). In contrast to 
xenografts, histological examination revealed that allo- 
grafts were rejected by classical cellular responses (Fig. 
2). There was significant CD8ot and CD4 T cell and 
macrophage infiltration, extensive IgM but minimal 
IgG deposition in the allografts (Fig. 2 and data not 
shown), The secondary role of alloAbs in allograft 
rejection was consistent with the inability of immune 



(a) Xcaorcootive IgM 

IW . ■ , ii.,..— , ■ 



iiO-i 



(b) XgqQrcflftiVtf IgG 




Fig. 5. Titers of xenoreuctive IfiM and IgG in scrum of GT-Ko mice 
with rejected X-ewis rat hearts. Scrum was obtained from GT-Ko mice 
at the indicated ages, before transplantation or at rhe time of 
rejected: Lewis rat heart. Serum was diluted 1 10Q fer the assay, and 
Ab binding to Uwia rat erythrocytes was partially blocked by 10 mM 
al,3Gai nisaccharide ( QaO. The aUGiU-mdependent XAb re- 
sponse in wild-type (C57BL 6JXDBA 2J) Fl mice WD was not 
inhibiwd by vho «1,3G©1 iri«ooh*iido. Af* i>ro**tn*J M m«n 
channel fluorescence of 10-12 mice group and bars represent S.E.M. 



serum, pooled from GT-Ko mice with rejected allo- 
grafts, to induce the hyperacute rejection of freshly 
transplanted allografts (Table 3). 

We next quantified the amount of alloreactive and 
anti-al^Gal IgM and IgG subclasses following allo- 
transplantation. The IgG subclasses for alloAbs were 
IgG2a IgG3 IgGl IgG2b (Fig. 4B). As with the 
xenografts, the predominant anti-al,3GaI Abs were 
IgM (8.14 \ig njl) and IgG3 (15.33 *ig ml) (Fig. 4B). 
However, the levels of elicited anti-al,3Gal Abs fol- 
lowing allotransplantation were 10.2 and 7.1-fold lower, 
for IgM and IgG3, respectively, than observed for xeno- 
transplantation. The low levels of allograft-clicited 
anti-cd^Gal Abs was confirmed by the observations 
that al,3Gal-trisaccharides (10 mM) were unable to 
reduce alloAbs binding to C3H lymphocyte targets 
(data not shown). 



4. Discussion 

The generation of the GT-Ko mouse provides unique 
opportunities to investigate the immunology of anti- 
al,3Gal responses in vivo. We have conducted a de- 
tailed characterization of the anti-ocl,3Gal response by 
GT-Ko mice prior to and following transplantation with 
wild-type allografts or xenografts, Naive GT-Ko mice 
produce anti-al,3Gal Abs in an age-dependent man- 
ner; anti-al>3Ga) IgM is detected before anti-al,3Gal 
IgG. These preformed anti-ocl,3Gal Abs are not able to 
significantly alter the tempo of graft rejection, however, 
the introduction of heterologous complement or anti- 
donor Abs into GT-Ko mice can induce the hyperacute 
rejection of Lewis rat hearts. Thus, the inability of 
preformed anti-cd,3Gal Abs in GT-Ko mice to induce 
hyperacute rejection of transplanted rat hearts is due 
to the ability of complement regulatory proteins on rat 
hearts to control the activation of mouse complement, 
and to the relatively low levels of preformed anti- 
ex l,3Gal Abs. 

A recent report by Apostolopouios et al. suggested 
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that pre-existing anti-otl,3Gal Abs inhibited the normal 
cellular immune response to MUC antigens and fa- 
vored the development of a humoral one 25 , Wc 
tested whether a similar effect would be seen in our 
model, and whether allograft rejection would be con- 
verted from a T cell-mediated process to Ab-roediated 
one. We observed that pre-formed anti-otl,3Gal Abs 
had no significant effect on the nature of allograft 
rejection, and that all allografts demonstrated charac- 
teristic signs of T-cell mediated rejection, 

One surprising observation with Our allo-transplanta- 
tion model was that only weak anti-al,3Gal Abs re- 
sponses were elicited, even though alloAb production 
was vigorous. Preformed antw*UGal Ab production is 
thought to occur continuously throughout life. It has 
been suggested that <*l,3Gal-antigenic stimulation is 
constantly provided by bacteria within the normal in- 
testinal flora carrying the al,3Gal epitope on 
iipopolysaccharidcs and other cell wall components 26 . 
Thus, we had expected that transplantation of 
al ? 3Gal-expressing allografts would elicit a rapid and 
vigorous anti-Gal Ab response. However, we observed 
that the tempo of the anti-al,3Gal response following 
allograft as well as xenograft transplantation was rela- 
tively weak, restricted to the IgM and IgG3 subclasses, 
and comparable to naive Ab responses 27 , 

The relatively weak anti-al,3Gal Ab responses fol- 
lowing allotransplantation in GT-Ko mice with pre- 
formed anti-al,3Gal Abs can be explained by the 
observations that anti-al,3Gal Ab responses are T-cell 
dependent, and require cognate interactions between 
peptide-reactive T cells and anti-al,3GaI-producing B 
cells 28,29 , Following allotransplantation, allo-reactive 
T cells become activated by antigenic peptides pre- 
sented by class II molecules on antigen presenting ceils 
(Fig. 6). These allopcptides active alloreactive T cells 
that provide help to allo-reactive B cells, thus stimulat- 
ing vigorous T-dependeat alloAb responses. These 
antigenic peptides are mostly likely to be derived from 
MHC and minor transplantation antigens. In contrast, 



glycoproteins that express high levels of the ol,3Gal 
epitope are most likely to bbd to anti-oc l,3Gal-produc- 
ing B cells, be taken up, processed and the resulting 
peptides presented by MHC class II molecules. How- 
ever, many of the molecules from C3H mice that 
express high levels of the al^Gal epitope, Such as 
brninin and thyroglobulin, would be considered 'self 
antigens for GT-Ko mice. The skewed presentation of 
these < $elf-pepiides\ instead of 'aIlo-peptidcs\ by 
al,3Gal-specific B cells would result in insufficient 
T-cell help and weak T-dependem anti-al,3Gal Ab 
responses. 

The situation is different after xenograft transplanta- 
tion, since most molecules that are not immunogenic 
for individuals within the same species are immuno- 
genic for individuals of another species. Thus, 
xenoantigens that express high levels of al f 3Gal epi- 
topes will be preferentially taken up and presented on 
al^Gal-specific B cells or other AFC to T cells capa- 
ble of recognizing these peptides (Fig. 6). These T cells 
become activated and can provide cognate help to 
pl^Gal-specific B cells, stimulating them to undergo 
class switch and affinity maturation. 

Finally, we observed that in this xenotransplantation 
model, the anti-al^Gal Ab response is only a minor 
portion of the total elicited XAb response. This obser- 
vation is in contrast to humans where the anti-al,3Gal 
response can represent up to 80% of the xenoAb 
response 10-12 , und appear to be the major factor in 
hyperacute and acute vascular xenograft rejection 6" » 
One explanation for this discrepancy is that in pig-to- 
baboon xenotransplantation, the anti-al^Gal-indepen- 
dent XAb response is controlled by immunosuppres- 
sion while the anti-o£l,3Gal response is not. This would 
suggest that XAb responses are T cell-dependeyit and 
anti-otl^Gal Ab responses are not. However, we and 
other have demonstrated that anti-al,3Gal, as well as 
non-ctl,3Gal XAb responses are T-cell dependent 
28,29. 

A second possibility to explain the discrepancy 



(a) Xenograft 



(b) Allograft 





^'Insufficient 
T cell help 




*] ,3 Cat «• AtKMA-pepndai □ t nlla.pepudoi OA • wlT-peptite* 
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Fig. 6, Model of T-dopcmdent unti-gal Ab production Mowing allograft or xenograft cransplanudon. Modified fiomTancmura ci al. 29 . 
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between GT-Ko mice and humans could be tbat the 
frequency of B cells producing ami-al,3Gai Abs is 
2-10 per 10* spleen cells in GT-Ko mice (data not 
shown) bui approximately 1% of B cells in peripheral 
blood in humans 30 , High frequency of anti-al,3Gal 
B cells could confer resistance to conventional im- 
munosuppression that generally block clonal expansion. 
The generation of GT-Ko mice with high frequencies 
Of B cells producing anti-aUGal Abs will allow us to 
test this possibility. Understanding the basis for the 
differences in the magnitude of anti-Gal Ah responses 
in GT-Ko mice compared to humans or baboons will 
direct future manipulation of the GT-Ko mice so that it 
more accurately models pig-to-human transplantation. 

In summary, our studies indicate that GT-Ko mice 
are able to produce natural as well as elicited anti- 
oil,3Gal Abs. Anti-al,3Gal Ab production is more 
effectively stimulated by xenografts compared to allo- 
grafts, is restricted to IgM and IgG3 isotypes and is 
T-cell dependent, Anti-al,3Gal B cell require cognate 
interaction with helper T cells, and by-stander activated 
T cells, such as those providing help for B cells produc- 
ing alloAbs, cannot provide help for anti-al f 3Gal B 
cells. Finally, anti-Gal Abs play a minor role in 
xenograft rejection in this rat-to-GT-Ko mouse model, 
and is in contrast to the dominant role anti-Gal Abs 
play in pig-to-baboon or pig-to-human xenotransplanta- 
tion. 
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recent years, the use of genets 
cailty altered mlce as models of 
complex human disease has revolu- 
tionized biomedical research Into 
the genetics of disease pathogene- 
sis and fx>t^iai^thera|^utic IhteN 
ventioh&WKethier 
es a spontaneous or induced muta- 
tional is crf^ that 
the observed phehbtype is hot 
arways the direct result of the 
genetic aiteratibh. The author points 
out the importance of considering 
the genetic background of the 
strain used to create 
tant models. 



Under is Senior New Models 
Development Scientist . The Jackson 
laboratory. Please send reprint requests 
to the author at The Jackson Laboratory 
Library, 600 Main St., Bar Harbor; ME 
04609-1500.. / 1 



The mouse is art ideal model system to 
tease out the genetics of complex diseases. 
Random and selective techniques to alter 
the mouse genome -provide jroweiful.tools 
for biomedical research. Strains carrying 
specific mutations; provide experimental 
systems for understanding gene function, 
for studying defects involved in specific 
human geneUc disejues^ for predinjeal test- 
ing of therapeutic agents, andjfor develop- 
ing new therapeutic interventions* such as 
gehetherapy u . 

The pKenorypic characteristics and 
pathophysiology of mice carrying sponta- 
neous or genetically engineered mutations: 
are most often attributed to alterations in 
the modified gene. The genetic back- 
ground and the surrounding environment 
arc often overlooked parameters that can 
significantly affect the observed pheno- 
type, however. It is extremely important to 
consider these epigenetic and extragenetic 
facton when using mice to study complex 
diseases such as autoimmunity, diabetes, 
cancer, and cardiovascular disease. The dis- 
covery of underlying genes responsible for 
quantitative traits (those that are affected 
by more than one gene, e.g., hypertension, 
hyperglycemia, atherosclerotic lesions, 
etc J requires rigorous investigate 
changes in expression of the relevant genes 
may affect the pbenotype of interest. The 
use of strains with a uniform genetic back- 
ground greatly facilitates the interpretation 
of experimental results. 

A large number of mouse models are 
the result of spontaneous single -gene 
mutations^. Traditionally, the detection of 
spontaneous mutations in an animal 
colony has been limited to changes in 



observable phehotypes, such as coat color, 
growth defects, or alterations in behavior 
or motor coordination. Large-scale pheno- 
typic screening for desired traits that are 
not easily observed or measured is time- 
consuming; and not cost-effeclive, given 
the rarity of spontaneous mutations. 
Nevertheless, an important advantage of 
using, a strain with a spontaneous muta- 
tion, as opposed to generating a genetically 
engineered model, is that a researcher can 
select a; mo use model knowing it exhibits; 
certain desired traits and characteristics, 
whereas a genetically engineered model 
often does not exhibit the expected pheno- 
type. Positional doning of the; sponta- 
neously mutated gene may lead to the dis- 
covery of new pathways for drug interven- 
tion (Fig. 1). 

Genetic Engineering 
Technologies 

Three broad areas of technology^— 
transgenesis, targeted mutagenesis using 
homologous recombination, and random 
TOUtagehesis-^arc currently used to create 
genetically engineered strains of mice. 

Transgenic mice have genetic material 
randomly added to their" genomes 4 . Such 
strains have been used to study gene func- 
tion and expression and as a result have 
become important disease models. Since 
transgene insertion is a ; random event, the 
pbenotype of the mouse may vary, 
depending on the site of integration and 
the copy number of transgehes integrated. 
Transgene integration may cause; disrup- 
tion in an endogenous gene, creating an 
inherited phenotype (usually recessive) 
unrelated to transgene expression. In these 
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cases, the transgenic animal provides a 
vehicle for gene discovery through the 
mapping and subsequent cloning of a dis- 
rupted gene. 

In targeted mutagenesis, homologous 
recombination alters or replaces a specific 
locus or gene 5 ^. Currently, , the majority of 
strains created by gene targeting carry a 
null mutation (i.e., "knockout") for the 
gene in question. More 1 recently created 
conditional targeted mutations allow con- 
trol of the tissue specificity of the mutation 
or onsetof gene expression ( temporal con- 
trpl) 7 '*. Gene targeting produces strains 
used to study igerie function and to create 
models for human genetic diseases for 
which ^ 

Transgehesis and targeted mutagenesis 
technologies often produce unexpected 
results* creating mice with either ho observ- 
able change in phenot) ; pe br an unexpected 
phenotype that may be outside the 
researcher's area of expertise or interest. 
This gene-based approach may; however, 
lead;to the discovery of novel pathways of 
an already known.gene (Fig. 

Random mutagenesis protocols such; as 
treating mouse gametes or ES cells with 
chemical mutagens 9 and gene trapping with 
retroviral vectors' 0 iare;also;used to produce 
valuable new models. These random 
approaches 'produce both dominant and 
recessive mutations;, although most efforts 
to date have concentrated on the more eas- 
ily Identified dominant mutations. Like the 
use of spontaneous mutations,, random 
mutagenesis is a pheno type-driven, rather 
than gene-driven, approach. To obtain 
maximum value from random mutagenesis 
approaches, rapid and systematized proto- 
cols for pheriotypic screening, as well as 
sufficient resources for mapping and 
■cloning genes and - subsequently distribut- 
ing these new models, must be available. 
Several large-scale mutagenesis^ projects 
currently underway employ the alkylating 
agent ethylnitrosourea (ENU) to induce 
random mutations in the mouse 
genome 11 ' 1 ^ In addition, government agen- 
cies are currently funding ENU mutagene- 
sis initiatives in a wide variety of disci- 
plines 1 ^; 



Factors Affecting 
Phenotype 

T^e expression of a phe- 
notype in niice carrying a 
spontaneous or induced 
mutation may depend on a 
number of factors not readi- 
ly apparent to the initial 
researcher, nor to those using 
the model, in subsequent 
studies. Environment and 
genetic background are two 
major contributors to .phe- 
notype. Other factors include 
mutations that are actually 
hyjwmorphs (i.e., mutations 
that cause only a partial 
decrease in gene expression) 
rather than null alleles; com- 
pensatory pathways; arid 
trarisgenesis-specific factors, 
including site of integration> 
transgehe copy number, and 
msertional mutations.: 

The health status of a 
colony may alter the observ- 
able jpheriotypeSr especially -for im^und- 
comprbrnised strains. For example, severe 
ulcerative colitis in T-cell receptor alphar 
and T-cell receptor beta- deficient mice l ^ 
virtually disappeared following rederiva- 
tkm into the : Induced Mutant Resource 
colony at The Jackson , laboratory. Both 
interJeukin-2 (IU)- and interleiikin-lO: 
( [L10) - deficient mice demonstrated simir 
lar findings regarding the effect of health 
status on the display of disease signs' s* 11 , 

^Genetic background* is defined ;as a 
collection of all genes present in an organs 
ism that influence a trait or traits; While 
most of the commonly used inbred strains 
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FIGURE 1> Gene discovery arKt modeit. Mouse models for 
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randomly Induced {£g., radbtlbn pir ENU) mutatibn, that 
mimics a#unw 

ofthVcausal^^ to tha discovery of a. 

the disease state; 2) a g^e ls^ Implicated, through a vari- 
ety br l^wrj toi^ 
based assays, etc.), to Wlnvoto^ a hurnan^ or 
dlsaaaa^ Ganatic engineering techniques, such as trans, 
genesis 'or targeted mutag>oeaisV are us>d to manipulate 
: Ws<g^ 

mat either bve^xpresa or lack a functional prb^in are 
otteh unexpected and may suggest a preylw 
fled function for that gehaV Both a^ioa^ss rinay lead to 
1na<fl«c6ve^^ 
ami disease Intervention. 



share a fairly ^mmbn origin ^» each strain 
has its own unique set of j^arac terisf ics or 
background lesions 2 * (Table 1). Strain 
characteristics are* the result of sequence 
differehces Jin. genes- (allelic variance) 
among inbred strau^. Strain attributes can 
be thereS^t of single;^ 
degenerat ion f mutalt ion that causes blind- 
ness -in inbred; strains like C3H/HeJ, 
FVB/H, arid SlUtf) or a combinahon of 
genes {eg., differential susceptibilities of 
inbred strains; to diet-indiiced obesity?*^ 

The phenotype of mice; carrying a 
modified gene; will vary depending on the 
genetic; background because of the ; pres- 



TABLE 1. Inforccf slrain characteristics. 


, Characteristic OBA/2J 


C57BUW 


Audfc^nlcr seizures Susceptible 


Resistant 


■ Eye defects Oavetop hereditary glaucoma 


Wghlreidence of 


microphthalmia 


DleMduced atherosclerosis Low susceptibility 


High stisceptlbiirty 


Response to aloohof Extreme Intolerance 


High preference 


and morphine 





35 



Material may be protected by copyright law (Title 17, U S. Cotiejwv . 



RESOURCE 



Volume 30, NO; 5 Lab Animal 



May 2001 



(Pta2g2a) 



Cnr'4 

C57BL/6 uMoml null 
AKR = Monii wlldtype 



Apc^ 



often either gener- 
ated or initially 
maintained on a 
mixed -segregating 
or hybrid back- 
ground (e.g., 
C57BL/6 and 129 
for targeted muta- 
tions or C57B06; 
and S|L hybrid 
for transgenics). 

- * L - Further, inbreeding 

FIGURE 2. Phenotyplc effects of unlinked modifier gwea. Tumor . L 
Incidence In mice heterozygous for the Ape?* mutation vartee ° r wckcrossmg to 
depending on genetic background: Mom 1 (modifier of Mtn) was other inbred strains 
mapped to phromoewne i ahd tatar Identified to be the result of a 
mutation Inthesecreto^ 

Atoougb not th« only genete^ Pta2g2a confers resistahce 

to Intestinal tumorlgeneals, C57Biy$J mice are rwamozyyoua for a 
null allele of P/a2g2a and wua display an incased tumor IncWenca 
compared to AKR mice, which are wiidtype for Pfs2g2s. 



Chrlfl 

;C57BLte;» increased tumor Incidence 
AKR s decreased tumor incidence 



ence of genetic modifiers (allelic variants 
atic<ioth^ 

modified) ih ; the inbred strain genome. 
Genetic modifiers may: fund through a 
number of mechanisms; ( 1 ) they can sup- 
press or enhance the expression of genes 
involved in ph^iqiogical or pathological 
pathways; (2) they can alter DNA tran- 
scription rates or rnRNA stability; (3) they 
can "have epigenetic effects causing changes 
in 'D]^;;n^hylatioh/pr. chromatin struc- 
tur^aitd (4) they can result from a va na- 
tion of gene copy ri umbeH 2 . 

Many of the classic spontaneous muta- 
tions arose on a mixed or undefined genet- 
ic bacJcgtpund. Induced mutations (both 
targeted and random) and transgenics are 



may result in aphe- 
notype significantly 
different ' firpiri i that 
initially reported 
oh we mixed genet - 
ic background. Interpreting sucK-pheno- 
typic differences is often difficulty and it is 
essential to use the appropriate controls. 

As discussed, phenotypic* iiKeicnces 
among different strains carrying the same 
mutation may be the a^re^ result of 
ic modifiers that are unlinked to the mod- 
ified gene. For exampIe v turaor incidence of 
mi<* heterozygous to 
ly induced mutation varies depending on 
the genetic background (Fig. 2), Momi 
(modifier of Mtn) was- mapped; to 
.Ghrdmosome'4 (Ghr4);imd later 
: to be the result of a mutation in foe:$ecrcr 
tbry type II phospholipase 2 At gene 
(Pla2g2a), Although; riot the 6nly r genetic 
modifier; Pla2g2a confers resistance to 



intestinal tumprigenesis ZW4 . C57BL/6] 
mice aire homozygous for a null allele of 
Pla2g2a, and thus display an increased 
tumor incidence compared to AKR mice,, 
which are wiidtype for Pla2g2a. 

Alternatively, the observed phendtype 
may be due to genes completely indepen- 
dent of me modifiedigeneror. t^ as 
Fig. 3 jllustrate5..5JL/J l mice are homozy- 
gous for the retinal degeneration I muta- 
tion (Pde6if dl ) l whicn cages' blindness by 
age of Weaning. C57BL/6J mice are wild- 
type at this locus. B6S/LF1 mice are sighted 
because Pde6b^ r is inherited recessively. 
Backcrossing mice hemizygous for a 
transgene (Tg/Q) to a B6SJLF I hybrid 
(WetS^/^-) is a common breedtog scheme 
for transgenic mice. Fifty percent of the 
progeny will be carrying. the transgene and 
2 5%pfthe progerr/wilibchomorygousfor 
the retinal degeneration 1 mutation. The 
transgene and Pde6^^mutodon will segre- 
gate independently^ in progeny unless the 
transgene has integrated into the genome 
in a location, that is closely linked to the 
Pde6brf* mutation. THerefore.if charaaeri- 
zation of transgenic mice : requires mice to 
see normally, it is important to genotype 
mice for both the presence ofthe transgene 
and the absence of Pdetif* 1 in the homozy- 
gous state. 

A linked gene (carried over, during 
backcrossing: to! produce: a cbngenic 
strain), rather than the modified gene, may 
also be~responsibIe*fbr f>heriotypic differ- 
ences between mutant mice and their 



TABLE 2. Elfect ot genetic backfjiound on inlerlcukin-2 (JL2) t;iro.ciod mutations ('knockouts , > 



'Strain Nam* 
86:129-^^ 

B6.129P2-/f2 DDrMor 
C.129P2(B6)-fl2« m »^ 



Ganetlc Background 



Segregating mixture of C57BL/6 and 
129P2/OtaHsd genomes 



C57BLf6.congenic (N10) 



C3H/HeJ congdnic.(NlO) 



BALB/ccongenlc(N10) 



Phenotypa 



• 50% die between 4 and 9 weeks of age 

• ; $plonom9galy t lymphatfenopathy. severe anemia 

• Progressive inflar^ 

• Generalized autoimmune dtsoaso 
(hemo^ anemia) 

; • Die by' 3-6 months ol ;age 

• Progressiva ISO, dependent on health status 

• :Genemlizedaut^ 

• Die by 7 Weeks p( age 

' : Generalized autoimmune disease : (hembtytic anemia) 

• Die by 7 weeks of age 
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inbred strain controls, as illustrated in- Fig. 
4. The apolipoprotein E targeted mutation 
(Apoef mtVae j was generated in a 129P2- 
dertved embryonic stem (ES) cell line 25 . 
J29P2 mice are homozygous for both the 
puik-eyed dilution (p) and chinchilla muta- 
tions (7)^^), v^i<±, like Apoii&xt located 
otiCh/7.Tl^ 

backcrbsscd to p7BL^6J mice for further 
cHaracterization. A homozygous colony was 
generated after six backcross generations. 
Mice from this;N6 colony were silver with 
pink eyes because the pink-eyed dilution 
gene remained linked to 4po^ ,Lto . Further 
backcrossing to N10 reduced the linked 
segment through crossover events, and con- 
genic rnke are now the expected black coat 
color with dark eyes. 

Phenotypes Affected by 
Genetic Background 

There are many well- characterized 
instances of the influence of inbred back- 
ground on the. expressed phenotype. For 
ejcarople^on a-mixed C57BL/6J-SJL inbred 
background, an abated HRAS transgene 
under the control of the whey acidic pro- 
tein promoter results inmammary and sali- 
vary carcinomas that frequently, metastasize 
to the lung. On the EVB inbred back- 
ground; this transgene causes anaplastic 
carcinomas that do; not metastasize 26 . 
Tumor type and onset in mice lacking p53 
(Trp53) -is- also dependent on the strain 
background? 7 . 

Genetic eii^neering technologies have 
allowed researchers to exami ne 'the impor- 
tance :qf .'individual icytokines in autoim- 
mune diseases, such as inflammatory bowel 
syndrome^ rheumatoid arthritis, and sys- 
temic lupus erythematosus, -interestingly, 
mice Jacking IIT display a number of 
autoimmune-related defects that vary in 
both severity and onset depending on 
genetic background (Table 2) 

Inbred strains also vary Tin their genetic 
predisposition to diabetes, a dassic example 
of which are spontaneous mutations in the 
ieptin signaling pathway. The original dia- 
betes rmitation {tepr^) arose spontaneously 
in the C57BLKS strain. Homozygous mutant 
mice, {db/db) show extreme obesity and 



rapidly develop sus- 
tained and overt, dia- 
betes, characterized by 
hyperglycemia and 
hyperinsulinemia^. The 
obese, mutation {bep*) 
occurred spontaneously 
in a stock carrying mul- 
tiple recessive mutations 
and was backcrossed to 
C57Bt/o* for character^ 
zatkm 31 ^ The phchotype 
of obese homozygous 
mutant mice (bi/ofc) is 
very simikr to ihe'db/db 
mice. However, the pan- 
creatic beta cells in 
C57BL/6 p^/qbmkt can 
compensate for the lack 
ofjeptin, and overt dia- 
betes is only trajiaent. 
ob/pb mice, oh the 
C57BUCS background 
result in a phchotype 
that is indistinguishable 
from that of db/db. 
Likewise, db/db mice: 
show only transient .dia- 
betes on the C57BL/6 
background". 

Interpreting pheno- 
typic information, in 
complex disease models- 
on a mixed, segregating : 
genetic background, can. 
be tricky the targeted 
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SJUJ 
blind 



0 



C57BU6J 
sighted 



BSSJLF1 
sighted 



B 



Transgene 



0 



fl 



blind 



tSind 



sighted 



B6SULF1 
sighted 



BSSJL 
Tg/0 
.sighted 



n 



sighted 



tfl/O 
sighted 



Tg/D 
sighted 



disruption of the 
insulin receptor Urtsr) gene illustrates this 
problem;, Neonatal lethality due to severe 
diabetes is; observed in homozygous null 
mice". Variable hyperinsulinemia is 
observed in heterozygous mice on a mixed 
segregating background, indicating pheno- 
typic interference by undefined back- 
ground modifiers. On a C57BL/6 congenic 
background, heterozygous insulin receptor 
knockouts showed only ; mild, hyperinsu- 
linemia; in contrast, heterozyotes on a 
129S6 congenic background showed severe 
hyperinsulinemia and insulin : resistance* 4 . 
Five quantitative trait loci (QTL) con- 
tributing to the phenotype were identified 



FIGURE 3. Phenotypic effects .of^gefwsvihdependent of trans- 
gene; AiSJ^ 

tion 1"mutotibri (Pd&br t %*h\ch clauses bimdneW wean 
age. C57BU6J mlc^are wlld#^ 

are sighted bMUse piirt B. 
Backcrossing mice heml^goui ibr '% transgene fTp/O) to a 
B6SJCF1 "hybrid (P^^ breedings^ 
transonic ^ 
gwie and 

naidegm 1 mutatloKTlw 

tion T Vrtll Je]jjr^s^ (ndc^^ m p>w^ 
gene r«s Integrated into^t^ 
ly linked to me :Pc^^ f mutott 
of b^sjciehicmlM 

to genotype mice for both- Me ofuSe : t^ and 

the absence at ttStr* 1 in the r^mcaV^ 



in progeny of an intercross between 
C57BL76 and 1 129S6 congenic stocks. Of 
these, four deleterious QTLs were con- 
tributed: by the seemingly hyperinsuline- 
mia-resistant C57BL/6 background, with 
only one deleterious QTL identified from 
the hyperihsulinemia -permissive 12 9 S6 
background*. 

Both genctk and environmental factors 
con tribute : to the cpmplex disease of essen- 
tial hypertension (/>., High, blood pressure 
wi&out identifiable cause). Both the natrir 
uretic- peptide and the renin/angiotensin 
systems regulate blood pressure. These 
pathways have been dissected usinggenetic 
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N6 



129P2- 



B6- 



B6.129P2-4poe (n * ,u ~ 
C57BU6J congenle 



129P2- 



N10 



strvercoat 
-color 



Apoe 
P 



black coat 
color 



Chr7 



ChrT 



FIGURE 4. Phonoty pic effects of Unked gene* carried over dur- 
ing; bacJccreselng. The epolipoprotefn E targeted mutation 
(Apo*"' 1 **) waaj jgenerated in •« 129W*lerived ES ceB llno. 
129P2 mica are hbmozygpw^ 

and chlnchMa mutattena CTW^ which, Ilka >tpde; ara located 
on; Chr 7. The Apoe targeted mutation was backcrosaod to 
C57BU6J mice for further characterization. A homozygous 
colony was generated after .six backcroas generations. Mice 
from this N8 colony were silver with pink eyes because/the 
pink-eyed dilution gene remained finked to /Apoe** 10ne . Further, 
backcrosstng to; N10 reduced the linked segment through 
crossover events and congenle mice-are now the expected 
black coat cofor with dark eyes. 



manipulation of a number of geries within 
these pa AwaYs 35 ** 7 . Proper interpretation 
bf resuits^ requires dose 'attention, to "the 
genetic ba^grouhd car rying ; the rnbdi fied 
gene. Interestingly, C57BU6 and the 12? 
strains actually 'differ irv renin gene copy 
huniber 34 ; C57BU6 mice have one copy 
per haplbid gen6me,.while 12? strains nat- 
urally ^ye\^'rap^e&Typihg : of the:renin 
gene copy number in p"ro^atrM.^!^U'? tl>c '' 
peptide- (proANP) deficient mice on <a 
'mixed C57BL/6-129 genetic [ background 
suggests that blood, pressure varies accord- 
ing to gene .copy number. , 

Recommendations 

the selection of models for the study of 
complex diseases may be difficult and. the 
choices available, to the researcher are not 
always ideal. Often ignored or poorly 
understood, genetic background con- 
tributes significantly to the phenotype of 
mouse models in a wide, range of 
disciplines. Whether, generating models or 
using mice already produced by another 
researcher,, the following recommenda- 
tions should assist in the proper interpre- 
tation of experimental results. 



Whenever possible, 
select teth lhe optimal 
genetic : feckground as 
well as the gene of infer- 
est. Analysis of a muta- 
tion on four pr five.dif- 
fercnt inbred back- 
grounds may lead to the 
discovery of , modifier 
genes key to the under-; 
standing of human dis- 
ease, this can be 
accomplished either by 
creating genetically 
engineered mice on a 
standard. Well-charac- 
terized Hnbred 'back- 
ground (thereby achiev- 
ing isogento with an 
inbred strain)^^»6r by : 
geherating congenic 
strains through tradi- 
tional 40 or marker- 
assisted prdtocpb^'^^ 
(thereby achieving congenicity). 

In some Jnstaricesr it is impossible, to 
avoid the use bf a mixed segregating or 
hybrid background (e.£, because of 
embryonic lethality on an inbred back- 
grjouhd).: theusc of wUdtypiecphtrpls arid 
an uriderstandinig of the impact; pfcgenes 
segregating independently of a: modified 
gen^e is essentiaL Finally* it is important to 
be tpgnizant of environmental factors, 
ranging from colony, hedth status to diet 
and light cydc, V^icKmay affectthe phe- 
notype ofthe mouse. 
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Human Factor IX Transgenic Sheep 
Produced by Transfer of Nuclei from 
Transfected Fetal Fibroblasts 

Angelika E Schnieke,* Alexander J. Kind, William A. Ritchie, 
Karen Mycock, Angela R. Scott, Marjorie Ritchie, Ian Wilmut, 
Alan Colman, Keith H. S. Campbellt 

Ovine primary fetal fibroblasts were cotransfected with a neomycin resistance marker 
qene (neo) and a human coagulation factor IX genomic construct designed for expression 
of the encoded protein in sheep milk. Two cloned transfectants and a population of 
neomycin (G41 8>-resistant cells were used as donors for nuclear transfer to enucleated 
oocytes Six transgenic lambs were liveborn: Three produced from cloned cells con- 
tained factor IX and neo transgenes, whereas three produced from the uncloned pop- 
ulation contained the marker gene only. Somatic cells can therefore be subjected to 
genetic manipulation in vitro and produce viable animals by nuclear transfer. Production 
of transgenic sheep by nuclear transfer requires fewer than half the animals needed for 
pronuclear microinjection. 



Microinjection of DN A into the pronuclei 
of fertilized oocytes has been the only prac- 
tical means of producing transgenic live- 
stock since the method was established in 
1985 (I ). However, only a small proportion 
(—5%) of animals integrate the transgene 
DNA into their genome (2,3). In addition, 
because the timing and site of integration 
are random, many transgenic lines do not 
provide sufficiently high levels of transgene 
expression or germline transmission. The 
consequent inefficient use of animab and 
associated high costs are a major drawback 
to pronuclear microinjection. 

In mice, embryonic stem cells provide an 
alternative to pronuclear microinjection as 
a means of transferring exogenous DN A to 
the germline of an animal and allow precise 
genetic modifications by gene targeting (4, 
5). However, despite considerable efforts, 
embryonic stem cells capable of contribut- 
ing to the germline of any livestock species 
have not been isolated (6-11 ). 

Recently, viable sheep have been pro- 
duced by transfer of nuclei from a variety of 
somatic cell types cultured in vitro (1 2-14). 
We now demonstrate that nuclear transfer 
from stably transfected somatic cells pro- 
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vides a cell-mediated method for producing 
transgenic livestock- 

We have used a transgene designed to 
express human clotting factor IX (FIX) pro- 
tein in the milk of sheep. FIX plays an 
essential role in blood coagulation, and its 
deficiency results in hemophilia B (15). 
This disease is currently treated with FIX 
derived mainly from human plasma- Re- 
combinant FIX produced in milk would 
provide an alternative source at lower cost 
and free of the potential infectious risks 
associated with products derived from hu- 
man blood. 

The transgene construct, pMDCl (36), 
comprises the human FIX gene, containing 
the entire coding region ( 1 7), linked to the 
ovine fj-lactoglobulin (BLG) gene promot- 
er, which has been previously shown to 
provide a high level of transgene expression 
in ovine mammary glands (18). Analysis of 
pMIXl expression in transgenic mice 
showed that seven of seven female founders 
expressed FIX in their milk (19). The level 
of expression in two animals (125 u.g/ml) 
exceeded that achieved in previous studies 
(20, 21), indicating that pMIXl is func- 
tional and suitable for introduction into 
sheep. 

Primary strains of ovine cells, termed 
PDFF (Poll Dorset fetal fibroblast) 1 to 7, 
were derived from seven day-35 fetuses from 
the specific pathogen-free flock at PPL 
Therapeutics (22). Sex analysis of each cell 
strain by the polymerase chain reaction 
(PCR) (23) revealed PDFF5 to be male and 
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Table 1. Results of nuclear transfer. Nuclear transfer was performed as described previously (12, 73). 
All cells were exposed to a reduced serum concentration (0.5%) for 5 days before use as nuclear donors. 
PDFF6 cells were used for nuclear transfer at passage 2 or 3, PDFF2 transfected pools at passage 5 to 
7, and transfected clones PDFF2-1 2 and PDFF-13 at passage 7 to 9. Lrvebom lambs were defined as 
tnose with a heartbeat and able to breathe unassisted at birth. 




Measurement 


PDFF5 
(non- 
transfected) 


on ceo 
pool 


PDFF2-12 


PDFF2-13 


Reconstructed embryos 


82 


224 


89 


112 


No. developed to morulae 


5(6.1%) 


22 (9.8%) 


19(21.4%) 


23 (20.5%) 


or Diasiocysxs 










Embryos transferred 


5 


22 


19 


21 


Recipients 


2 


9 


7 


6 


Pregnancies at day 60 


2 


4 


4 


1 


Fetuses at day 60 (% of 


3 (60%) 


4(18.2%) 


6(31.6%) 


1 (4.8%) 


embryos transferred) 










Uvebom lambs {% of 


1 (20%) 


3(13.6%) 


2(10.5%) 


1 (4.8%) 


embryos transferred) 










Nuclear transfer efficiency 


1.22% 


1.34% 


2.25% 


0.89% 


(% live lambs from 










reconstructed embryos) 











the other sii£ to be female. ^ 

Trial experiments indicated that both 
PDFF2 and PDFF5 cells could be readily 
transfected with a lacZ reporter gene with 
the use of the cationic lipid reagent Lipo- 
fecramine. PDFF2 cells at passage 1, after 
3 days in culture, were co transfected with 
pMIXl DNA and the selectable marker 
construct PGKneo, and stable transfec- 
tants were selected with G418. Because 
the effects of drug selection and growth as 
single-cell clones on the ability of cells to 
support nuclear transfer were unknown, 
cells were then treated in two ways: One 
group was grown at high density under 
G418 selection and then cryopreserved as 
a pool for nuclear transfer. The other 
group was plated at low density under 



G418 selection, and cloned transfectants 
were grown from isolated colonies (22). A 
total of 24 clones was isolated, of which 21 
were expanded for analysis of genomic 
DNA. Ten clones were found to contain 
pMDCl by DNA hybridization analysis 
(24), 

Untransfected PDFF2 cells cultured to 
passage 19 over a period of 80 days exhib- 
ited a modal chromosome number of 54. 
the euploid ovine chromosomal comple- 
ment. The chromosome number of the 
four most rapidly growing pMlXl-trans- 
fected clones (PDFF2-12, -13, -31, -38) 
was determined at passage 6 or 7, after an 
average of 40 days in culture, and that of 
the uncloned PDFF2 pool was determined 
at passage 5, after 19 days in culture. Each 



■ wwltfn,M 

clone and the pool showed a modal chro- 
mosome number of 54, indicating the ab- 
sence of gross chromosomal instability 
during culture and drug selection. 

We have proposed that induction of qui- 
escence in nuclear donor cells by serum 
deprivation is necessary for successful nu- 
clear transfer (12). After 5 days of culture in 
medium with a reduced serum content 
(0.5%), immunofluorescence detection of 
proliferating-cell nuclear antigen (PCNA), 
which is an indicator of active DNA repli- 
cation, showed that none of the cells ana- 
lyzed was in S phase, consistent with cell 
cycle arrest (25). Restoration of serum con- 
tent to 10% reversed this effect and cell 
growth resumed. 

Four cell types were used as nuclear do- 
nors: untransfected male PDFF5 cells, 
pooled female PDFF2 transfectants, and two 
transfected clones, PDFF2-12 and PDFF2- 
13, which contained >10 and ~5 copies of 
the pMIXl transgene, respectively. Transfer 
of nuclei from each cell type into enucleat- 
ed oocytes derived from Scottish Blackface 
ewes was performed as previously described 
(12, 13). 

Live lambs were obtained from all four 
cell types (Table 1). As expected, animals 
derived from PDFF5 cells were male and 
those from PDFF2 cells were female. The 
efficiency of nuclear transfer, expressed as 
the number of livebom lambs obtained per 
100 reconstructed embryos, varied from 
0.89% for PDFF2-13 to 2.25% for PDFF2- 
12. This efficiency is similar to the value 
(135%) that we obtained previously for 
nonmanipulated fetal fibroblasts from an- 
other breed of sheep (BLWF1) (13).. 

Pregnancies resulting from embryo trans- 



Table 2. Characteristics of nuclear transfer-derived lambs. Outcomes of 1 1 
pregnancies resulting from nuclear transfer of PDFF donor cells. When 
judged necessary, labor was induced by injection of dexamethasone at day 



1 53 of gestation; when required, cesarean section (CS) was performed 24 to 
52 hours later. The average duration of gestation for the Poll Dorset flock at 
PPL Therapeutics is 1 45 days. 



Pregnancy 
no. 


Nuclear transfer 
donor ceii type 


Lamb 


Gestation 
(days) 


Birth 
weight 
(kg) 


neo 


FIX 


Sex 


Comments 


1 


PDFF5 


7LL5 


147 


3.8 






M 


Unassisted birth 


2 (twins) 


P0FF5 


7LL6- 


150 


3.4 






M 


Stillbirth, one fetus dead for ^1 week 




7LL7* 


150 


3.7 






M 




3 


PDFF2 pool 




<80 










Regressed 


4 


PDFF2 pool 


7LL8 


155 


7.6. 


{+) 


H 


F 


Assisted birth because of position of 














lamb 


5 


PDFF2 pool 


7LL9* 


- 161 


6.3 


(+) 


H 


F 


induced, CS 52 hours later, died 90 min 
















postpartum, meconium in lung 


6 


PDFF2 pool 


7LL12 


155 


8.7 


(+) 


(-) 


F 


Induced, CS 52 hours later 


7 


PDFF2-12 


7LL3- 


130 






F 


Spontaneous abortion 


8 (twins) 


PDFF2-12 


7UL10* 


132 


3.6 


(+) 


{+) 


F 


Loss of fetal heartbeat, induced, CS, 




7LL11* 


132 


4.5 


(+) 


(+) 


F 


stillbirth, one fetus abnormal 


9 


PDFF2-12 


7LL14* 


143 


3.6 


(+) 


(+) 


F 


Induced, CS 24 hours later, heartbeat, 














no breathing 


10 (twins) 


PDFF2-12 


7LL15 


155 


4.6 


(+) 


(+) 


F 


Induced, unassisted birth, 7LL16 




7LL16* 


155 


3.0 


(+) 


(+) 


■F 


euthanized at 14 days, heart defect 


11 


PDFF2-13 


7LL13 


. 155 


5.5 


(+) 


(+) 


F. 


Induced, unassisted birth 


•Lamb died or was euthanized for animal welfare reasons. 
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fer were determined by ultrasound scan at 
about 60 days after estrus, and development 
was subsequently monitored at regular inter- 
vals. Of the original 14 fetuses, 7 were live- 
bom, as defined by heartbeat and unassisted 
breathing (Table 2). Postmortem examina- 
tion of aborted fetuses and dead lambs did 
not reveal any common factor as a cause of 
death. 

All animals derived from PDFF cells ex- 
hibited a prolonged gestation, and, with the 
exception of animals 7LL5 to 7LL8, labor 
was induced artificially. Delayed delivery 
was likely the cause of death of lamb 7LL9. 
Subsequently, all surrogate ewes were in- 
duced at day 153, and, if necessary, cesarean* 
section was performed- Three of 11 preg- 
nancies were twin pregnancies. In two in- 
stances (7LL6 and 7LL7 and 7LL10 and 



Lambs 



MiX1 — j 
(7.5 kb) 



Probe: 

BLG promoter 



BLG H 

(3.0 kb) 

Probe: neo H 
mo (1.3kb) 




B 



Lambs 



CM £| O t Ift to CO [2 



Q _ 

Q-.r-.r- 



mixi+* 

<7JSkb) 




BLG-> 

(3.0 kb) 

Rg. 1. DNA analysis of transfected clones and 
transgenic sheep. Genomic DNA was isolated 
from the blood of live animals or tongue samples 
from dead animals, digested with Bam HI and Eco 
Rl, and subjected to Southern hybridization with 
either a 1 .8-kb fragment of the BLG promoter or 
the neo gene. (A) Southern analysis of the un- 
cloned pool of cells (PDFF2 pool), and two lambs 
(7LL8 and 7LL9) derived from them, for the pres- 
ence of pMIX1 and PGKneo. (B) Assay for the 
presence of the pMDCl transgene in lambs derived 
from the PDFF2 pool (7U_8 and 7LL12) and from 
the transfected clones PDFF2-12 (7LL10, 7LL14 
to 7LL16) and PDFF2-13 (7LL13). PDFF5 cells 
were not transfected. The positions and sizes of 
fragments corresponding to the transgenes and 
the endogenous BLG gene are indicated. The lane 
marked x is a 1-kb ladder of phage X fragments 
from 3 to 12 kb. 



7LL11 ), the death of one fetus in late preg- 
nancy probably resulted in the death of the 
sibling. 

The birth weight of nuclear transfer- 
derived lambs whose gestation exceeded 
145 days ranged from 3.0 to 8.7 kg, with a 
mean of 3.7 kg for twins and 5.9 kg for 
single pregnancies. Poll Dorset lambs in the 
PPL Therapeutics New Zealand-derived 
flock have mean weights of 3.75 kg for 
twins and 5.1 kg for single pregnancies. 
However, comparison is complicated by the 
fact that nuclear transfer-derived lambs 
were gestated in Scottish Blackface surro- 
gate mothers. All animals from PDFF2 cells 
had an undershot lower jaw that did not 
interfere with their well-being. This char- 
acteristic is a genetic trait that occurs spo- 
radically in the Poll Dorset breed and is 
considered to be unrelated to nuclear trans- 
fer. The PDFF5 lambs did not show this 
feature, 

DNA from nuclear transfer-derived 
lambs was analyzed for the presence of 
pMIXl and PGKneo transgenes (Fig. 1), 
All fetuses and animals derived from the 
transfected PDFF2 cells were transgenic 
The three animals derived from the PDFF2 
pool (7LL8, -9, -12) contained the select- 
able marker gene but lacked the FIX trans- 
gene (Fig. 1, A and B). Fetuses and lambs 
derived from the cell clones PDFF2-12 
(7LL10, -14, -15, -16) and PDFF2-13 
(7LL13) contained both the FIX transgene 
(Fig. IB) and PGKneo- 
. Our approach has shown that cell-me- 
diated transgenesis is possible in a mam- 
mal other than the mouse. The technique 
is still in the early stages of development 
and problems remain to be addressed — in 
particular, the lack of spontaneous partu- 
rition and the incidence of perinatal mor- 
tality. However, the mortality rate we ob- 
served (46%) was exacerbated by two twin 
pregnancies in which the death of one 
lamb in late gestation may have resulted in 



the loss of the other. The mortality rate for 
nontwin pregnancies was 28.6% f higher 
than that occurring after normal breeding 
(—8%) but similar to that observed after 
nuclear transfer with embryonic blastomeres 
(5 to 40%) (26). Our data therefore do not 
suggest any correlation between lamb mor- 
tality and extended culture or genetic ma- 
nipulation of the donor cell. Many types of 
manipulation of preimplantation embryos — 
for example, in vitro oocyte maturation and 
fertilization, in vitro culture, asynchronous 
embryo transfer, and progesterone treatment 
of the mother — have been shown to in- 
crease fetal morbidity and mortality (26, 27). 
An increased understanding of the interac- 
tion between the transplanted nucleus and 
the host cytoplasm and the relation between 
the early embryo and the maternal environ- 
ment, together with improved culture sys- 
tems, should increase the success of embryo 
production and manipulation in vitro. 

The use of somatic cell donors for nucle- 
ar transfer in livestock offers many advan- 
tages over pronuclear microinjection. Since 
1989, PPL Therapeutics has generated a 
substantial number of transgenic sheep by 
pronuclear microinjection- A total of 51.4 
animals are required to produce one trans- 
genic lamb by pronuclear microinjection, 
compared with 20.8 animals in the present 
study by nuclear transfer, values that differ 
by a factor of —2.5 (Table 3). The most 
important difference is that no recipients 
are wasted gestating nontransgenic lambs in 
the nuclear transfer technique. 

Gestation of large numbers of nontrans- 
genic embryos represents a major source of 
inefficiency*- (28). Several schemes have 
been devised to identify transgenic embryos 
before embryo transfer, either by detection 
of the transgene in embryo biopsies by PCR 

(29) or by co-expression of a marker gene 
(30, 31 ). However, these methods, with the 
possible exception of that of Takada et al. 

(30) , are restricted by the persistence of 



Table 3. Comparison of the production of transgenic sheep by nuclear transfer or pronuclear micro- 
injection. 





Pronuclear 


Nuclear transfer 


Parameter 


microinjection 


of PDFF2 




(1989-1996) 


transfectants 


Oocyte donors 


982 


68 


Intermediate recipients* 


Not 


14 


applicable 




Rna! recipients 


1895 


22 


Total number of sheep used 


2877 


104 


Established pregnancies (% of final recipients) 


912(48%) 


9(41%) 


Lambs bom 


1286 


6 


Viable transgenic lambs bomt 


56 


5 


Percentage of offspring transgenic 


4.35% 


100% 


Sheep required for production of one transgenic lamb 


51.4 


20.8 



•After nuclear transfer, intermediate recipients are used to allow development of reconstructed embryos to blastocyst 
stage. t Defined as those alive at 1 week of age. 
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unimegr&ted DNA during the short time 
that embryos can be cultured before embryo 
transfer. In contrast,, cells transfected in 
vitro can be analyzed extensively before 
effort is devoted to large animals. This .ad- 
vantage will be particularly important in 
instances in which microinjection is ineffi- 
cient; for example, with large constructs 
such as yeast artificial chromosomes. 

Delayed integration of microinjected 
DNA into the embryo genome often results 
in mosaic founder animals. The reduced 
rate of transgene transmission resulting 
from germline mosaicism can hinder or pre- 
vent the establishment of transgenic lines 
from potentially valuable founder animals. 
In contrast, animals produced by nuclear 
transfer are entirely transgenic 

Nuclear transfer allows the sex of trans- 
genic animals to be predetermined and thus 
offers a further twofold increase in efficiency 
relative to pronuclear microinjection when 
the sex of dje transgenic founder animal is 
critical. If, for example, the primary interest 
is the expression of human proteins in milk, 
the founder generation can be all females. 
Sheep with different random integrations of 
the transgene can be produced by nuclear 
transfer from independent cell clones and 
the milk analyzed. After a suitable clone has 
been identified, the corresponding stock of 
cells can be used to generate an "instant 
flock" by further nuclear transfer. Such a 
flock could be superior to those produced by 
conventional breeding as a source of proteins 
for human therapy because genetic identity 
would contribute to the consistency of the 
medicinal product. 

The procedures of transfection, drug se- 
lection, and growth from single-cell clones 
described here are essentially the same as 
those required for gene targeting. The real- 
istic prospect of targeted genetic manipula- 
tion in a livestock species should open a 
vast range of new applications and research 
possibilities. 
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Cloned Transgenic Calves Produced from 
Nonquiescent Fetal Fibroblasts 

Jose B. Cibelli, Steve L Stice, Paul J, Golueke, Jeff J. Kane, 
Joseph Jerry, Cathy Blackwell, F. Abel Ponce de Leon, 

James M. RobI* 

An efficient system for genetiff modification and large-scale cloning of cattle is of im- 
portance for agriculture, biotechnology, and human medicine. Here, actively dividing 
fetal fibroblasts were genetically modified with a marker gene, a clonal line was selected, 
and the cells were fused to enucleated mature oocytes. Out of 28 embryos transferred 
to 11 recipient cows, three healthy, identical, transgenic calves were generated. Fur- 
thermore, the life-span of near senescent fibroblasts could be extended by nuclear 
transfer, as indicated by population doublings in fibroblast lines derived from a 40-day- 
old fetal clone. With the ability to extend the life-span of these primary cultured cells, this 
system would be useful for inducing complex genetic modifications in cattle. 



Research has been in progress for more 
than a decade to develop a system for 
genetic modification and large-scale clon- 
ing in cattle (I), an important species in 
agriculture, biotechnology, and human 
medicine. In the initial work on cloning, 
embryonic blastomeres were used as donor 
nuclei because they were thought to be 
relatively undifferentiated, readily repro- 
grammed, and likely to support full-term 
development of the fetus (2). Initial ef- 
forts at refining the methodology of nucle- 
ar transfer resulted in significant, but lim- 
ited, improvements in efficiency, and at 
most, only a few identical calves could be 
produced from a single donor embryo be- 
cause of the limited number of cells in the 
early embryo (3). The next step toward 
expanding the potential of cloning was 
the development and use of embryonic 
stem cells as a source of donor nuclei. 
Embryonic stem cells are derived from the 
inner cell mass of an early embryo and are 
thought to be relatively undifferentiated. 
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In addition, mouse embryonic stem cells 
divide indefinitely in culture without dif- 
ferentiation and can be readily genetically 
modified (4)- Embryonic stemlike cells 
have been developed in the bovine (5) 
and have been used as a source of donor 
nuclei in nuclear transfer, but they only 
supported development of fetuses to 60 
days in vivo (6), To date, a source of cells 
that can be used for genetic modification 
and large-scale cloning in cattle has not 
been found. 

Other research in nuclear transplanta- 
tion has shown that the cell cycle stage of 
the donor cell affects the extent of devel- 
opment of the embryo after nuclear transfer. 
When the donor cell* is fused to the recip- 
ient oocyte, which is arrested in the second 
metaphase in meiosis, the nuclear envelope 
breaks down and the chromosomes con- 
dense until the oocyte is activated (7). This 
condensation phase has been shown to 
cause chromosomal defects in donor cells 
that are undergoing DNA synthesis (7). 
Donor cells in the Gj phase of the cell cycle 
(before DNA synthesis), however, con- 
dense normally and support a high rate of 
early development (7). 

In previous work in the sheep, it was 
suggested that arrest in G 0 (by serum starva- 
tion) was the key in allowing donor somatic 
cells to support development of embryos to 
term (8). 

Our rationale in selecting an optimal 



donor cell for nuclear transplantation was 
that the cell should not have ceased divid- 
ing (which is the case in G 0 ) but be actively 
dividing, as an indication of a relatively 
undifferentiated state and for compatibility 
with the rapid cell divisions that occur dur- 
ing early embryo development.* The cells 
should also be in Gj, either by artificially 
arresting the cell cycle or by choosing a cell 
type that has an inherently long G, phase. 
We chose fibroblasts from fetuses because 
they can grow rapidly in culture and have 
an inherendy long G l phase (9). 

Fetal fibroblasts were isolated from a 
day 55 male fetus (Fig, 1A), cultured in 
vitro, and passaged twice before being 
transfected with a marker construct con- 
sisting of a p-galactosidase-neomycin re- 
sistance fusion gene driven by a cytomeg- 
alovirus (CMV) promoter (pCMV/P- 
GEO) (10). Cells were selected with neo- 
mycin for 2 weeks, and five neomycin- 
resistant colonies were isolated and 
analyzed for stable transfection by poly- 
merase chain reaction (PGR) amplifica- 
tion of a segment of the transgene (11) 
and by assay of 0-galactosidase activity.' 
Colony CL1 was chosen for nuclear trans- 
fer experiments. These fibroblast cells 




Fig. 1. Transgenic fetal fibroblast CL1 -5 used for 
nucleartransplantation (A) phase contrast (x 1 00). 
(B) Labeling of CL1-5 fibroblast cell line with 
PCNA monoclonal antibody (Sigma, St. Louis, 
MO) and FfTC-conjugated secondary antibody 
(magnification x 200). 
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^vere characterized as negative for cytoker- 
•atin, positive for vimentin (mesoderm or- 
igin), and negative for a human fibroblast 
cell surface marker. 

A total of 276 nuclear transfer embryos 
were produced and 33 blastocysts (12%) were 
obtained after a week in culture (12). Twen- 
ty-eight of the blastocysts were nonsurgically 
transferred into 11 synchronized recipients 
(day 7 after onset of heat). Six cows were 
detected pregnant by ultrasound 40 days after 
nuclear transfer (55%), and five cows re- 
mained pregnant by day 60 of gestation 
(45%). No multiple pregnancies were pro- 
duced. One cow aborted at day 249 of gesta- 
tion. Its placenta was characterized as having 
hydroallantois, enlarged placentomes, and an 
edematous chorioallantois and amnion. 
Upon necropsy, the fetus was oversized (54 
kg at month 8 of gestation), iurig lobes were 
edematous, umbilical vessels were twice nor- 
mal size And the right heart ventricle was 
enlarged. The remaining four calves contin- 
ued development to term. As controls, 122 in 
vitro-matured oocytes were parthenogeni- 
cally activated, and after a week in culture 21 
(18%) blastocysts were obtained. 

Calves ACT2, ACT3, ACT4, and 
ACT5 were delivered at 277, 286, 287, and 
289 days of gestation, respectively. Calf 
ACT2 died 5 days after birth as a result of 
pulmonary hypertension leading to insuffi- 
cient pulmonary perfusion. Along with this 
pathology, the. animal exhibited a dilated 
right ventricle, a patent ductus arteriosus, a 
pulmonary artery greater than the size of 



the aorta, and umbilical vessels three times 
normal size. The placenta also manifested 
abnormalities such as hydroallantois and a 
reduced number of enlarged placentomes. 
Calves ACT3 and ACT5 were delivered by 
cesarean section, and ACT4 was born vag- 
inally. These three animals were phenotyp- 
ically normal, and no abnormal placenta- 
tion was revealed (Fig. 2). All five calves 
were screened by PCR amplification of a 
segment of the transgene (i 1 ), which con- 
firmed that the cells were transgenic with 
the pCMV/pGEO gene (Fig. 3). 

A restriction enzyme digest and South- 
ern blot of genomic DNA (13) from calves 
ACT3, ACT4, and ACT5 demonstrated 
that these animals had an identical gene 
integration site and therefore were derived 
from the same fibroblast clone (Fig. 4). 
Also, the neomycin resistance gene was 
demonstrated to be functional in fibroblasts 
obtained from dermis of the calves. When 
cultured under selection with Geneticin, 
cells were- able to survive for more than 10 
days in culture (Fig. 5). 

Developmental problems exhibited by 
the nonsurviving calves could be attributed 
to abnormal placentation. It remains to be 
determined whether the origin of this pa- 
thology can be connected to the nuclear 
transfer procedure itself or to the culture 
conditions in which the embryos were 
maintained during the first week of devel- 



s 3 S § I i i S s 3 11 5 



SJ7- 
S4S- 




5*cl 



NC«l 



fic*RY 



Fig. 2. Normal doned calves ACT3, ACT4, and 
ACTS, at 3 weeks of age. 



Fig. 4. Southern blot of genomic DNA (76) ob- 
tained from ear notches of live calves. DNA was 
cut with three different restriction enzymes: (A) 
Sac I, (B) Nco I, and (C) EcoR V. Size markers (in 
kilobase pairs) are on the left. 
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Fig. 3. Gel of PCR-amplified segment of the 
pCMV/pGEO construct (75) of DNA obtained 
from the original cell line and calf ear samples. 
BFF, nontransgenic fetal fibroblasts; CL1-5, orig- 
inal clonal cell line used for nuclear transfer; ACT1 , 
fetus aborted at 249 days of gestation; ACT2, calf 
dead at 5 days after birth; ACT3, ACT4. and 
ACTS, normal calves. Size marker (in base pairs) is 
on the left. 




opment. Previous data on cattle have indi- 
cated an association between in vitro cul- 
ture conditions and calf abnormalities (14). 
In sheep, when nuclear transfer embryos 
were grown in vivo, perinatal loss occurred; 
however, no common factor could be attrib- 
uted as to the cause of death (8). 

Because it has been observed in rabbits 
that chemical synchronization can result in 
fewer successful pregnancies (15), CL1 bo- 
vine cells were not synchronized in G x but 
were constantly cultured with 10% fetal bo- 
vine serum and used at 70 to 80% conflu- 
ence. Immunohistochemical analysis showed 
that 82% (279/340) of the cells were positive 
for proliferating cell nuclear antigen 
(PCNA) (Fig. IB). fluorescence-activated 
cell sorting (FACS) analysis revealed that, 
even though the cells were actively dividing, 
56% of the cells were in G v providing a 
large population that could support develop- 
ment and precluding the need for an artifi- 
cial synchronization procedure* 

Our results indicate that an actively di- 
viding population of cells can support devel- 
opment to term after nuclear transfer and 
that serum starvation is not a necessary treat- 
ment. Although our population of cells were 
actively dividing, we cannot determine 
which subpopulation (G L , S, G 2 , or M) may 
have produced the offspring. Certainly, more 
work will be necessary to fully understand 
the properties of somatic cells required to 
allow for successful reprogramming and full- 
term development of offspring. 

The fibroblasts used in this study have a 
finite life-span in culture, which could limit* 
the types of transgenic modifications that 
could be made. When cultured until senes- 
cence, fibroblasts derived from 6-week-old 
fetuses undergo 30 population doublings, 
with an average cell cycle length of 28 to 30 
hours. As shown with the previous data, 
this number of population doublings is suf- 
ficient to generate clonally derived trans- 
genic cell lines. However, many uses of 
genetically modified fetuses and animals 
will require gene targeting by homologous 
recombination. For homologous recombina- 



Rg. 5. Fibroblast from 
ACT4 calf and nontrans- 
genic fetal fibroblast cul- 
tured with Geneticin {300 
jig/ml, Sigma). (A) ACT4 
calf fibroblasts isolated 
from dermis at day 1 and 
(B) day 10. (C) Nontrans- 
genic fetal fibroblast at 
day 1 and (D) day 10. 
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tion, transgenic cells are first selected, but 
then a second round of selection is neces- 
sary to identify the correctly targeted cells. 
The two rounds of selection will require a 
greater number of cell divisions, and the 
cells could easily become senescent by the 
rime the correctly targeted cells are identi- 
fied, and they would certainly be senescent 
before a homozygous mutant is produced. 
To address this problem, we generated a 
40-day-old fetus using the CL1 cell line at 
0.8 population doubling from senescence. 
The fetus was removed from the uterus, and 
fibroblasts were derived from it. The num- 
ber of population doublings until senes- 
cence was 31 and 33 for the nuclear transfer 
and same-age nonmanipulated fetal fibro- 
blasts, respectively. These data suggest that 
fibroblast life-span can be enhanced by nu- 
clear transfer. This approach could enable 
us to generate as many gene targeting 
events as needed by subjecting the cell line 
to the successive rounds of nuclear transfer. 

This somatic cell nuclear transfer proce- 
dure could improve the efficiency of produc- 
ing transgenic cattle and broaden the scope 
of applications for transgenic catde. With 
previous microinjection techniques, about 
500 embryos would have to be injected and 
transferred to recipient cows to get one trans- 
genic offspring (16). For the nuclear transfer 
technique with transgenic somatic cells, the 
transfer of nine embryos to four cows pro- 
duced a transgenic offspring, gready reducing 
the time andcosts involved. With the nucle- 
ar transfer approach, an entire herd of the 
appropriate sex transgenic cattle could be 
produced in one generation, whereas the tra- 
ditional microinjection approach would re- 
quire at least two generations, and likely 
more, to obtain a production herd. This is a 
savings of 2 years for each generation. Finally, 
the somatic cell nuclear transfer approach 
could broaden the scope of use of transgenic 
cattle because it allows the targeting of DN A 
inserts to specific sites in the genome. This is 
important for deleting or replacing bovine 
genes that might interfere with human pro- 
tein isolation or cause rejection of grafted 
tissues. Inserting genes into a selected site 
could be used to ensure tissue-specific and 
consistent expression levels of transgenes. 
Furthermore, insertion of genes into the same 
site in multiple lines of animals could be used 
to quickly generate homozygous lines of ani- 
mals while avoiding inbreeding. 
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A Signaling Complex of Ca 2+ -Calmodulin- 
Dependent Protein Kinase IV and 
Protein Phosphatase 2A 

Ryan S. Westphal,*t Kristin A. Anderson,* Anthony R. Means, 

Brian E. Wadzinskit 

Stimulation of T lymphocytes results in a rapid increase in intracellular calcium con- ' 
centration ([Ca 2 *],) that parallels the activation .of Ca 2 +-calmodulin-dependent protein 
kinase IV (CaMKIV), a nuclear enzyme that can phosphorylate and activate the cyclic 
adenosine monophosphate (cAMP) response element-binding protein (CREB). ^5 W ® V " 
er, inactivation of CaMKIV occurs despite the sustained increase in i [Ca 2 J, that is 
requiredforTceilactivation.Astable and stoichiometric complex of CaMKIV with protein 
s rrine-threonine phosphatase 2A (PP2A) was identified in which PP2Adephosphorylates 
CaMKIV and functions as a negative regulator of CaMKPV signaling. In Jurkat T cells, 
inhibition of PP2A activity by small t antigen enhanced activation of CREB-mediated 
transcription by CaMKIV. These findings reveal an intracellular signaling mechanism 
whereby a protein serine-threonine kinase (CaMKIV) is regulated by a tightly associated 
protein serine-threonine phosphatase (PP2A). 



Cellular responses to external signals re- 
quire coordinated control of protein kinases 
and phosphatases; multiple complexes con- 
taining both intracellular signaling enzymes 
are likely to be important for the regulation 
and .specificity of signal transduction path- 
ways. The targeting of protein kinases and 
phosphatases to specific subcellular compart- 



ments, through association with scaffold pro- 
teins such as A-kinase anchoring proteins, 
may contribute to the specificity of cellular 
signaling (J). However, the enzymes are re- 
tained by the anchoring protein in their 
inactive state (2), and potential regulatory 
interactions within these multiprotein com- 
plexes remain unknown. Preexisting com- 



1258 



SCIENCE ♦ VOL. 280 • 22 MAY 1998 ♦ www.sciencemag.org 




to 
u 

c 
o 

O) 



CD 
C 



o 
u 

0) 



a. 

ss 

D. 
3 
O 



XI 
3 

a 

*- 

z 

o 
o 

© 



Sequential targeting of the genes encoding 
immunoglobulin-ji and prion protein in cattle 

Yoshimi Kuroiwa 1 - 2 , PoothappiUai Kasinathan 3 , Hiroaki Matsushita 3 , Janaki Sathiyaselan 3 , Eddie J Sullivan 3 , 
Makoto Kakitani 2 , Kazuma Tomizuka 2 , Isao Ishida 2 & James M Robl 3 



? Cene targeting is accomplished using embryonic stem cells in of homologous recombination^ and correctly targeted cells can be 

i ^Staf h» Sen successful, only using primary somatic easily selected by having the targeted gene promoter drive egression 

* Sb^^r«ml»yonicdoning,inWJed«.Cene ofa selection marker. AppUcaUono this promoter-less pos^ivese c 

ge«n mW.c cells versus embryonic stem cells is a tion<"' is limited to transcriptionally acuve genes in the somanc celk 

Semfe consequently, there are few reported successes and To fully evaluate the consequences of a genetic modification, bo* 

nineTnduSSaSg of transcriptionally silent genes or alleles of the gene must be targeted. In mice, tins is generally done by 

Zd target in ^rpSauce homozygotes. Here, wereport a breeding heterozygous knockout founders to produce a homozygous 

Z Z^Xh^ forprimary fibroblast cells knockout inbred line. But breeding to homozygosity is severely 

« bTinTgene eroding immunoglobulin-^ (/GH/Vfl, and produce sheep and pigs, and that are negatively impacted by the consequences 

' bTheKzygous and homozygous knockout calves. We also of inbreeding. In pigs, two innovative approaches - " « 

carried ouTSuential knockout targeting of both alleles of a circumvent the long generation interval and low rate of homologous 

earned ™ ^"^r^L,. encoding the bovine prion recombination for targeting the second allele of the gene encoding o- 

(l,3)- g alactocyltransferase. Heterozygous knockout fibroblasts were 

G^k£i£*JL The sequent gene targeting selected *. vitro for lacking enzymatic ^^nXr from 

sysTem we used alleviates the need for germline transmission spontaneous point mutation m the second allele of the gene or from 

for complex genetic modifications and should be broadly mitotic recombinants-. Unfortunate y, fcese approaches are neither 

aoTcTble to 8 ene functional analysis and to biomedical and useful for silent genes nor widely applicable for active genes 

applicable to gene tunciionai ay ^ developed a broadly applicable and rapid method 

agncultural applications. ^ multiple gene ^g^g events m ^ The method 

Genetargetingbyhomologousrecombinationisapowerfulmethodof consists of sequential application of gene targeting *}»™f>W* 
2SX!X«»B^rf^^-«^ fa «™ fiB,c - recombination and rejuvenation of^ =ellknes ^ P-dumon of loned 
tonal JXis inrnicl'- 3 Gene targeting is accomplished in the mouse fetuses (Fig. 1). We used this procedure o demonstrate the to . ac- 
tional anaiys^n mice . o „ m ° essentiaUy ail other species, ES cessful targeting of a transcriptionally silent gene and production of 
r^S^i^St^-U- bomheterozygousandhomozygousknockoutcalvesWedsotarge^ 
^^t£2S^»«l«.u«dpri»«y»m«ic«dU a second gene resulting in doubly homozygous knockout bovine 
followed by embryonic cloning 4 " 7 ; in some instances, the embryos fetuses and cell lines, 
were then used to produce cloned offspring. Gene targeting in primary 
somatic cells is a challenge 8 " 12 because somatic cells have a relatively RESULTS 

short lifespan which limits selection of properly targeted cell colonies, Targeting the first allele of IGHM 

(jrobl@hematech.com) or I.I. (i-ishida@kirin.co.jp). 
Published online 6 June 2004; doi: 10. 1038/ngl373 
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constant [L exon 2 region, which was derived from a nonisogenic 
Holstein genomic library. The knockout vector used to target the first 
allele contained a diphtheria toxin A (DT-A) gene 15 as a negative 
selection marker and a puro selection marker driven by a mouse PGK 
promoter, flanked by loxV sequences and followed by a transcrip- 
tional and translation^ STOP 16 cassette (pBCuAKOpuro; Fig. 2a). 
We electroporated fetal fibroblasts from cell line 6939 with the first 
knockout vector to produce 446 wells resistant to puromycin. We split 
the wells on day 14 and screened half the cells by PCR (primer pairs 
puroF2 x puroR2; Fig. 2a) to identify wells containing correctly tar- 
geted cells. Initially, six wells seemed to contain correctly targeted 
cells. To exclude wells giving a false positive result, we subjected all the 
PCR products to bidirectional sequencing analysis with the puroF2 
and puroR2 primers. Two wells (147 and 384; 0.45%) were correctly 
targeted and contained heterozygous IGHM knockout {IGHM+-) 
cells. On the basis of polymorphic differences identified by sequence 
analysis, we determined that the knockout vector was integrated into 
allele A in well 384 and into allele B in well 147. 

Generating IGHM +/ ~ fetuses and calves 

We used the remaining cells from the two wells for embryonic cloning 
to generate fetuses and rejuvenate the cell lines. Pregnancy rate at 
40 days of gestation was 50% (15 of 30, two embryos per recipient; 
Table 1), and at 60 days of gestation, we collected six fetuses and re- 
established fibroblasts. Three of six fetuses (2184-1, 2184-2 and 3287) 
were JGHM +/ " (Fig. 2b) as confirmed by the PCR (primer pairs 
puroF2 x puroR2) and sequence analysis. Nontargeted fetuses proba- 
bly resulted either from nontargeted cells that coexisted with the tar- 
geted cells in the wells or from loss of the transgene due to lack of 
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11.5 mo; 



2^5 mo 
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selection pressure during fetal development. Both fetuses 2184-1 and 
2184-2 were derived from well 384, where the knockout vector was 
integrated into allele A, and fetus 3287 was from well 147, where the 
knockout vector was integrated into allele B. We produced cloned 
IGHM +f ~ embryos from all three regenerated cell lines and transferred 
them to 153 recipients to produce 13 (8%, Table 1) healthy IGHM +I ~ 
calves, whose genotypes were confirmed by PCR (Fig. 2c) and 
sequence analysis (data not shown). 

Targeting the second allele of !GHM 

To target the second allele of IGHM, we prepared a second knockout 
vector in which the puro selection marker was replaced with a neo gene 
driven by an ST (SV40 promoter and thymidine kinase enhancer) pro- 
moter. In attempting to target the second allele of a gene, there is the 
possibility that the targeting vector will undergo homologous recom- 
bination with the integrated targeting vector, resulting in replacement 
of the knockout vector in the previously targeted allele rather than dis- 
ruption of the intact allele. This is a problem particularly if the first 
targeting vector has a strong bias for one allele. This was not observed 
with our first, nonisogenic, knockout vector, indicating either that the 
two alleles had similar sequences or that polymorphisms had an equal 
effect on targeting efficiency. We assumed the latter and determined 
whether the frequency of targeting of allele A could be enhanced by 
constructing a second knockout vector in which the short homologous 
arm was replaced with a PCR-derived sequence amplified directly 
from allele A of the cell line 6939 (this vector was designated 
pBCuANKOneo). 

We used all three IGHM +I ~ cell lines (2184-1 and 2184-2, targeted 
in allele A; 3287, targeted in allele B) for targeting with the second 
knockout vector (Fig. 2a). In cell lines 2184-1 and 2184-2, we 
screened 1,211 wells resistant to G418 by PCR (primer pairs neoF3 x 
neoR3; Fig. 2a) and then carried out sequence analysis. Five wells 
contained correctly targeted cells. In two of them (0.17%), the vec- 
tor was integrated into the intact allele B, producing homozygous 
knockout (IGHM- 1 -) cells, and in three wells, the targeting vector in 
allele A was replaced. In cell line 3287, we screened.569 wells resis- 
tant to G418 by PCR (primer pairs neoF3 x neoR3; Fig. 2a) and then 
carried out sequence analysis. Seven wells contained correcdy tar- 
geted cells. In six of them (1.1%), the vector was integrated into the 
intact allele A, producing IGHM~ } - cells, and in one well, the target- 
ing vector in allele B was replaced. Overall, the vector had a bias of 
6:1 for intact allele A to allele B and was more efficient for homozy- 
gous targeting when used with cell line 3287 in which allele B was 
first targeted, as expected. 



R^juv^hatjon | 
;by cloning • 



Rejuvenation! 
by cloning 



\'\ : .Cell Hne ^3/t; : : : : '^^^^r^^ 

Double homozygous ; KO y^^^j:^: ^ = • : ; : 



Figure 1 Procedure for sequential gene targeting in bovine primary 
fibroblasts. Holstein fetal fibroblasts (6939) were targeted and wells 
containing targeted cells were then selected and cloned to generate IGHNr 
fetuses. The IGHM*- cell line (3287) was then used to produce calves and 
to target the second allele of IGHM, Once again, cells were selected and 
regenerated by production of fetuses. Fetuses were collected to produce 
IGHM~*- cell lines, analyze IGHM expression and produce calves. An IGHM- 1 
cell line (4658) was transfected with a Cre-recombinase expression plasmid 
to remove both neo and puro genes simultaneously. A third round of 
embryonic cloning then generated cloned fetuses and cell lines in which 
both neo and puro selection marker genes were excised. One Cre-excised 
IGHM- 1 - fibroblast cell line (1404) was used for a third round of gene 
targeting to produce triply targeted Cr* IGHM 4 - PRNF* 1 ' fetuses and 
cell lines. One cell line (8334) was subjected to the fourth round of gene 
targeting to produce doubly homozygous knockout (Cre-IGHM 4 ' PRNP- 1 ) 
fetuses and cell lines and to analysis of PRNP expression. A representative 
time line for each step is indicated. KO, knockout. 
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neoF3 x neoR3> 



i /GHM^ cell lines 




6^5 kb; 
6J)kb- 



N^F3xNeo^ 



: .i:>;:;;>>:B iij 



fGHM ^alleles; 3287 



Targeted 
allele B 



PuroF2- 



~«-PufoR2 i 



lPuroF2 : xPiiroft2£ 
1 /GHMi" cell nnesVilS 



Fieure 2 Seauential targeting of fGHM in primary bovine fibroblasts, (a) Structure of IGHM constant region locus in cell line 6939, the puro and mo 
LTrT PGR analvs^ oT 6HM expression in mRNA extracted from spleen in 90-d-old fetuses. Clear expression was detected from a pos, ,ve control (P) 



Generating IGHM-'- fetuses and calves 

We selected two IGHM' 1 - wells (76 and 91) derived from cell line 
3287 for embryonic cloning to generate fetuses and rejuvenate the 
cell lines. Overall pregnancy rate for IGHM' 1 - fetuses at 40-50 days 
of gestation was 45% (40 of 89; Table 1). At 45 days of gestation, we 
collected and evaluated 5 fetuses derived from well 76 and 15 fetuses 
from well 91. All 5 from well 76 (Fig. 2d) and 3 of 15 from well 91 
(data not shown) contained correctly targeted cells specific for the 
first and second targeting events (primer pairs puroF2 x puroR2 and 
neoF3 x neoR3), as shown by PCR. PCR results were confirmed by 
sequence analyses and negative PCR 17 results (primer pairs bQlf X 
bCur; Fig. 2a) for the wild-type alleles (Fig. 2d). We confirmed func- 
tional knockout by generating 90-day fetuses from regenerated 
IGHM- 1 - fibroblasts and evaluating IGHM expression in spleen cells. 



Type of 
modification 

IGHM*i~ 

IGHM-i- 
IGHM+- 
Cre/IGHM-t- 
Cre/iGH!vH-/PRNF» f - 
Cre/ IGHIV H-ZPRNP- 1 - 

"Fetuses were produced from selected colonies and calves were produced from rejuvenated cryopreserved cell lines. "After 
removing fetuses from 26 pregnant recipients, 15 pregnancies were left to continue to full term and 9 of them were conf.rmed 
pregnant at 60 d. 



End 
point 3 


Number of 
recipients 
implanted 


Number of 
pregnancies 
at 40-45 d {%) 


Number of 
live calves 
(%) 


Fetus 


30 


15(50} 




Calf 


153 


99 (65) 


13(8) 


Fetus 


89 


40 (45) 




Catf 


137 


86 (63) 


8(6) 


Fetus 


60 


21 (35) 




Fetus 


39 


28 (71) 




Fetus 


67 


46 b (68) 





Absence of expression was confirmed by RT-PCR (primers pairs 
bCuf X bCLir; Fig. 2e). We created cloned embryos from five 
IGHM- 1 ' cell lines and transferred them to recipients for develop- 
ment to term. Eight calves (6%; Table 1 ) were born recentiy and were 
confirmed to be IGHM- 1 ' by PCR (Fig. 2f) and sequence analyses 
(data not shown), verifying that sequential gene targeting and suc- 
cessive rounds of cell rejuvenation are compatible with full-term 
development of healthy homozygous knockout calves (Fig. 2g). 

Excising neo and puro in IGHM-*- fibroblasts 

Sequential gene targeting requires a strategy for antibiotic selection of a 
newly integrated targeting vector in a cell line that already contains one 
or multiple antibiotic selection markers. The simplest approach is to use 
a different selection marker gene for each targeting event, but this 

approach limits the number of targeting events 
that may take place in a cell line. Another 
/P-tareeted fibroblasts ap p roac h is to remove the selection markers 

using a Cre-/axP recombination system, as has 
been done in mouse ES cells 18 . Unexpectedly, 
the selection marker genes were not expressed 
in our regenerated /GHM-targeted fibroblasts, 
probably because reprogramming of the 
fibroblasts after embryonic cloning silenced 
the newly integrated sequence as part of the 
silent IGHM locus. Although selection marker 
removal was not necessary for further targeting 
in our IGHM- 1 - fibroblasts, we evaluated 
whether it was possible to remove the selection 
markers by transfection with a Cre recombi- 
nase expression plasmid. Because we intended 
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Targeted 
allele B ; 








Targeted:] 
! allele A I 






4.3 kb 



^ 0:4 kb 



Figure 3 Removal of both neo and pyogenes by Cre-/o*P system, (a) Structure of alleles of IGHM~ / ~ cell line 4658 and the genom.c PCR assay for CM- 
Z^Z^ oulomn marker genes, (h) Identification of Cre-/GH^ fetuses and fibroblasts by genom.c PCR Before introduce of Cre, 2.5-kb 
{puro) and 4.3-kb {neo) PCR products were detected in cell line 4658. A 0.4-kb band is detected m five Cre-exc.sed fetuses. 



Cre recombinase to be expressed transiently, we used a circular plasmid 
and restricted antibiotic selection to the first 3 days of culture. We used 
bovine IGHM~*~ cell line 4658 for transfection and evaluated 24 selected 
wells by PCR for excision of the antibiotic selection genes from the tar- 
geted alleles (Fig. 3a), Multiple wells showed evidence of excision of 
both puro and neo genes, and we chose one for fetal cloning and regener- 
ation of cell lines. Pregnancy rate at 40-50 days of gestation was 35% (2 1 
of 60; Table 1). We recovered five fetuses, all of which had both selection 
markers removed (Fig. 3b), but all except fetus 1404 had the Cre recom- 
binase plasmid integrated into the genome (data not shown). These 
results indicate that Cre-ZoxP recombination can be used to remove 
selection markers in somatic cells. Routine use in this system, however, 
will require improvements to reduce the integration frequency of the 
Cre expression plasmid. 





;;p,4kb 



Targeting the first allele of PRNP 

To evaluate the possibility of sequentially targeting a second gene, we 
subjected Cre-excised IGHM^- {Crc-IGHM^') fibroblasts (cell line 
1404) to a third round of targeting to disrupt PRNP. We first charac- 
terized this gene to identify a polymorphic sequence, outside the 
knockout vector sequence, to distinguish the two alleles (allele C and 
allele D; Fig. 4a). The vector comprised nonisogenic sequences derived 
from the region around exon 3 of PRNP and the DT-A gene, the neo 
selection marker driven by the ST promoter, flanked by loxP sequences 
and followed by the STOP cassette (pBPrP(H)KOneo; Fig. 4a). We 
transfected cells with the third knockout vector and screened 203 
G418-resistant wells by PCR. We identified 13 (6.4%) wells with cells 
that had a heterozygous knockout in PRNP on the Cre-IGHM""'" back- 
ground (Cre-/GHM" / -Pi?NP f/ -; primer pairs neoF7 x neoR7; Fig. 4a 



HghM? PRNP? cell iines|"^ 

:BCplx BCpr^ ;';.;y: :r "L::P.4 to : 




NeoF7xNeoR7 



IGHM? PRNP? 



^ : L:ij; Primers z= E 
PrPmF3 x PrPrriR3 
RT-PCR, f 



?: HigittH PCS HtlM 

..^BPrPexi* 



4* taring 

BPrP«x3-fl 




l::;v.; JPss;; ^tM-. :. :r: 


Targeted 




allele D 



ItGHMd'PRNP^ allies; 84S4; : 




;Primers^H:|ki:p 
r^F7;xneoRT:;:;:i:|i;:! 



BPrPex3F x BPrP*x3R J 



Fi™re4 Seauential targeting of PRNPm IGHM~'~ fibroblasts, (a) Structure of the PRNP locus in Cre- cell line 1404, neoand puro vectors ;used for 

XXSSt I nds of targeting and the genomic PCR assay, (b) Identification of the trip* tar ge ted fetuses i ^ ™st ce.l 

native genomic PCR. P, positive control; cell line 1404, negative control. Cell lines derived from fetuses 8103, 1661, 8375 81 12 and 8443 crttotua 

=Sted r 

fetuses. Expression was observed in fetuses 4658 and 8443 but not in doubly homozygous knockout fetuses. 
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of eestation (71%- Table 1) We collected five fetuses, all of which con- sion of selection genes, could be created in 21.5 months (F.g. 1). In 

?aS^"eSytSS iurwith the vector integrated into allele C of contrast, for cattle, breeding a heterozygous founder to produce 

iSp Z ^on&med by PCR (primer pairs neoF7 x neoR7; Fig. 4b) homozygous calves would require -5 years and generaUon of double 

Xquenc^ralyJs (data not shown) . Furthermore, we detected homozygotes from two heterozygous founders is 

ana sequencing analyses^ d faaors were ^ rtant for maximizing targeting efficiency 

^rc^^^ - d f ° r successMy pr ° ducin8 Kjuven t d ceu iines r d c t s - 

S^^S^vSfibiShUsts, wi substantially higher Overall, frequency of homologous recombination at each targeting 

8 STftTSS (M% v« S ™ 0.63%, respectively), which is not step was sufficiendy high (0.4^.4%) to produce at least a couple of 

0 than tor iuhm versus v mgt ttd colonies from -500 selected colonies that were screened by 
| expressed in fibroblast cells. ^ fa ^ xhe efficiency might be attributed to several 

It.- .A.cnn^lWp of PRNP conditions that were optimked specifically for bovine fibroblast tar- 

1 SSliTS^i^ targeting to produce doubly geting, including using appropriate promoters tc , maximize expressjn 

1 Z^Jh^Z^Ld cen lines! we Lsfected the triply of positive selection marker genes, usmg the DT-A gene for negate 
° Z^^^^^I(^PB^^^T^^ S election■^usmgcontiguousregionsofhomology,nthetargetedgene 

2 SCJSJjSSSJ *k of PRNP. We constructed the vector by loci, optimizing electroporation concur and clonuig immediatdy 
| Z^£ZZ^i***pu»*~ (pBrrP(H)KOpuro;Fi & 4a) after PCR selection with a mochfied system to faohtate reprogram- 
c - in the PRNP targeting vector used for the first allele. After selection ming of the donor cells . 

I ZdVCKs^ZT^ pairs P uroF14 x puroRH; Fig. 4a), 17 Using this sequential targeting strategy, ^f^^""^ 

I « fl? 12 ^SELL cells. Sequence analysis confirmed tions, in large animal species, are not only feasible but relatrvely 

(5.2 A) wells contained targeted ce 4 / straightforward and should be useful for many apphcations. Targeting 

5 that the four* knockout vector ««**egn* e *™«?f™™£ Upk genes in large animals may be useful for producing new 

crea^gdoublyhomo^o^^ -dels for hLan disease, for producmg various Aerapeutic proteins 

in 16 wells. In me remaining well, the tar 0 eted I sequencein _ Qr tissues for ^plantation into humans and 

g> weUs for ? onm8 ? ^ f V7 ' M< P fi Jl fT il e 1} We coUected has many useful apphcations in science, medicine and industry and 

1 ^S^l^^^t^S ™y be one of Jmost useful applications of somatic cell cloning 

2 18 fetuses, which were Cxe-IGHM PRNP- , as conwmea oy y . using ES cells has been successful 

^futll^S f^SSeST-K^S^ somatic celfdonLg ha^ been successful for many 

puroR14 and neoF7 x neoR7 (Fig.* . yec _ .J^ws The results obtained in this study indicate that complex 

tS°:™ ^ticmodificationscannowbereadnymadeforawidevarietyof 

negative PCR analysis to confirm the absence of wild-type PRNP alle- genes in many species, 
o les (primer pairs BPrPex3F x BPrPex3R; Fig. 4c) and IGHM alleles 

£ (primer pairs bCuf X bCur; data not shown); as expected, all four METHODS 

knockouts were confirmed. To evaluate PRNP mRNA expression, we Constructiftg knockout vectors. We obtained a bovine genomic fragment 

examined fibroblasts from one IGHM- 1 ' fetus, one Cre-IGHM ' arounc i exon 2 of the IGHM constant region locus from nonisogenic Holstein 

PRNP+f- fetus and three Cre-IGHM" 1 ' PRNP~*~ fetuses by RT-PCR. genomic iibrary by pro bi ng with a 32 P-labeled PCR fragment. We analyzed one 

Functional disruption of PRNP expression was confirmed (Fig. 4d). genomic c i one further by restriction mapping. We subcloned 7.2 kb of die 

These results indicate that multiple rounds of gene targeting, both for Bg M-Xhol genomic fragment (5' homologous arm) and 2.0 , kb of the BamHI- 

transcriptionanyaaiveandsUent^ J£ a ^^ 

a single somatic cell line using a cell rejuvenation approach. gS^S^puio vector). To construct the second targeting vector, 

we carried out genomic PCR on cell line 6939. After digestion with BamHI- 

D1SCUSSION t B ni mis fragment replaced the 3' short arm of the pBCuAKOpuro vector. By 

In this study we demonstrate, for the first time, a sequential gene tar- sequendng> we ^firmed that the BamRl-Bgtil fragment was amplified from 
geting strategy for primary somatic cells, which can be used for target- A We replaced ^ puro gene with a neo gene (pBCuANKOneo vector), 

ing multiple alleles of a gene or for targeting multiple genes. The Wfi obtained bovine genomic fragment around exon 3 of PRNP locus by 
system proved effective for targeting both transcriptionally silent and screening the same Holstein genomic X phage library with a 32 P-labeled DNA 

the doubly homozygous knockout fetuses are in progress and preg- knQckout yector containing the pwr0 gene (pBPrP(H)KOpuro 

nancy rates are consistent with the results obtained m this study. prjmer are ava ilable on request. 

One advantage of the sequential gene targeting system is that the 
time required to produce an animal with multiple genetic modifica- transfection. We cultured Holstein fetal male fibroblasts as 

tions is greatly reduced compared with traditional breeding strate- pre viously described" and electroporated them with 30 fig of each ^rgetmg 

\^fh c.nnpnti.1 eene tareeting each targeting event required vector at 550 V and 50 uF by using a GenePuiser II (Bio-rad). After 48 h, we 

5 TnZZTtn^ ofregenerJd ceU selected the ceUs under 500 w ml- of C418 or 1 ug mH of puromycin for 
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2 weeks, picked the drug-resistant colonies and transferred them to replica 
plates, one for genomic DNA extraction (24-well plates) and the other for 
embryonic cloning (48-well plates). 

Genomic PCR analyses. From the replica 24-well plates, we extracted fetus or 
ear biopsy genomic DNA from calves using a Puregene DNA extraction kit 
(GentraSystem). To identify each homologous recombination event that 
occurred at the IGHM locus, we used primer pairs puroF2, puroR2, neoF3 and 
neoR3 (Fig. 2a). PCR was done in 30 cycles of 98 °C for 10 s and 68 °C for 
8 min. For negative PCR, we used primer pairs BCuf and BCur (Fig. 2a) in 
40 cycles of PCR composed of 98 °C for 10 s, 62 °C for 30 s and 72 °C for 1 mm. 
In the case of the PRNP locus, we used primer pairs neoF7, neoR7, puroFU 
and puroRH (Fig. 4a). PCR was done in 30 cycles of 98 °C for 10 s and 68 °C for 
5 min For negative PCR, we used primer pairs BPrPexF and BPrPexR (Fig. 4a) 
in 40 cycles of PCR composed of 98 °C for 10 s, 62 °C for 30 s and 72 °C for 1 
min. To detect the Cre-mediated excision, we carried out PCR with primer pair 
CreExF and CreExR (Fig. 3a) in 40 cycles of PCR composed of 98 °C for 10 s 
and 68 °C for 7 min. All the PCR products were separated on 0.8% agarose gels. 
Primer sequences are available on request. 

Sequencing analysis of the PCR products. To confirm whether homologous 
recombination correctly occurred at each targeting step, we sequenced the 
amplified PCR products. We purified the PCR products through CHROMA 
SPIN-TE400 column (BD Biosciences Clontech) and sent them to ACGT for 
sequencing. Bidirectional sequencing was done with both the forward and 
reverse primers that were used for PCR. The allele into which each knockout 
vector was integrated was determined by polymorphisms in the sequence of the 
PCR products. 

Embryonic cloning. We produced cloned fetuses and calves as described previ- 
ously 20 . We enucleated in vitro matured oocytes 20 h after maturation. We per- 
meabilized correctly targeted clones by incubating -50-100,000 cells in 
suspension with 3 1 .2 U Streptolysin O (Sigma) in 100 U-l of Hank's balanced salt 
solution for 30 min in a water bath at 37 °C. Permeabilized cells were sedi- 
mented, washed and incubated with 40 ul of mitotic extract containing an ATP- 
generating system ( 1 mM ATP, 10 mM creatine phosphate and 25 fig ml of 
creatine kinase) for 30 min at 38 0 C. At the end of the incubation, we diluted the 
reaction mix, sedimented the ceils and washed them. We fused these cells to 
enucleated oocytes, activated 28 h after maturation with 5 UM calcium 
ionophore for 4 min followed by 10 ug ml" 1 of cycloheximide and 2.5 Ug ml 
of cytochalasin D for 5 h. After activation, we washed the embryos and cultured 
them with mouse fetal fibroblasts to the blastocyst stage in vitro. We selected 
grade 1 and 2 blastocysts and transferred them into synchronized recipients. All 
animal work was done following a protocol approved by the Transova Genetics 
Institutional Animal Care and Use Committee. 

RT-PCR. We extracted RNA from spleens of wild-type (6939) and IGHNH- 
fetuses using an RNeasy mini kit (Qiagen) and carried out first-strand cDNA 
synthesis using the Superscript first-strand synthesis system for RT-PCR 
(Invitrogen). We carried out PCR using primers BCuf and BCu.r in 40 cycles 
composed of 98 °C for 10 s, 62 °C for 30 s and 72 °C for 1 min. We also extracted 
RNA from 4658 (IGHM^~), 8443 {IGHM -1 " PRNP* f ~) and doubly homozy- 
gous knockout (IGHM-*- PRNF^~) fibroblasts and carried out first-strand 
cDNA synthesis as above. PCR was done using primers PrPmF3 and PrPmR3 in 
40 cycles of 98 °C for 10 s, 62 °C for 30 s and 72 °C for 1 min. To detect expres- 
sion of bovine (5-artin mRNA, we used primers bBAF and bBAR in the same 
PCR condition (data not shown). To exclude the possibility of genomic DNA 
contamination, we carried out another RT-PCR without reverse transcriptase 
(data not shown). The PCR products were separated on 0.8% agarose gel. 
Primer sequences are available on request. 
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ABSTRACT 

The production of genetically engineered pigs as xenotrans- 
plant donors aims to solve the severe shortage of organs for 
transplantation in humans. The first barrier to successful xeno- 
transplantation is hyperacute rejection (HAR). HAR is a rapid 
and massive humoral immune response directed against the pig 
carbohydrate Cala1,3-Gal epitope, which is synthesized by 
a1,3-galactosyltransferase (a1,3-CT). The Gala1,3-Gal antigen 
also contributes to subsequent acute vascular rejection events. 
Genetic modifications of donor pigs transgenic for human com- 
plement regulatory proteins or different glycosyltransferases to 
downregulate Gala1,3-Gal expression have been shown to sig- 
nificantly delay xenograft rejection. However, the complete re- 
moval of the Gala1,3-Gal antigen is the most attractive option. 
In this study, the 5' end of the a1,3-GT gene was efficiently 
targeted with a nonisogenic DNA construct containing predom- 
inantly intron sequences and a Kozak translation initiation site 
to initiate translation of the neomycin resistance reporter gene. 
We developed two novel polymerase chain reaction screening 
methods to detect and confirm the targeted G41 8-resistant 
clones. This is the first study to use Southern blot analysis to 
demonstrate the disruption of the a1,3-GT gene in somatic HT- 
transgenic pig cells before they were used for nuclear transfer. 
Transgenic male pigs were produced that possess an ot1,3-GT 
knockout allele and express a randomly inserted human a1,2- 
fucosylosyltransferase (HT) transgene. The generation of homo- 
zygous ol,3-GT knockout pigs with the HT-transgenic back- 
ground is underway and will be unique. This approach intends 
to combine the a1,3-GT knockout genotype with a ubiquitously 
expressed fucosyltransferase transgene producing the universally 
tolerated H antigen. This approach may prove to be more effec- 
tive than the null phenotype alone in overcoming HAR and de- 
layed xenograft rejection. 

assisted reproductive technology, embryo, gamete biology gene 
regulation, oocyte development 

INTRODUCTION 

The promise of an unlimited supply of suitable pig cells, 
tissues, and organs for transplantation into humans is the 

'This work was supported by a grant from The National Institute of Stan- 
dards and Technology. . 
^Correspondence to: Jagdeece Ramsoondar, Aiexion Pharmaceuticals, 
Inc., 352 Knotter DK, Cheshire, CT 06410. FAX: 607 674 2410; 
e-mail: iag@columbusfarming.com 

'Current address: CT Center for Regenerative Biology, Department of Mo- 
lecular and Cellular Biology, University of Connecticut, Storrs, CT 06269- 
4243. _____ 

Received: 16 December 2002. 
First decision: 1 7 January 2003. 
Accepted: 18 March 2003. 

© 2003 by the Society for the Study of Reproduction, Inc. 
ISSN: 0006-3363. http://www.biol reprod.org 



impetus for continuing research efforts to develop a uni- 
versally accepted animal source for xenotransplantation. 
Despite formidable obstacles and the slow rate of progress, 
advances in technology and genetic modification of animals 
can make xenotransplantation a reality [1, 2]. Discordant 
pig xenografts are rejected by humoral and cellular immune 
responses [1]. Hyperacute rejection (HAR) represents the 
first major immunological hurdle encountered by the xe- 
nograft and occurs within minutes to hours after transplan- 
tation [3], HAR is an aggressive response mediated by nat- 
ural antibody reactivity directed against the pig carbohy- 
drate Galal,3-Gal epitope followed by complement acti- 
vation [4]. When HAR is averted in vascularized organs by 
plasmapheresis [5] or complement inhibition [6], the xe- 
nograft is still subject to delayed xenograft rejection 
(DXR). DXR is characterized by a strong humoral re- 
sponse, type II endothelial cell activation, and an acute cel- 
lular infiltrate [1]. In avascular tissues such as cartilage, the 
delayed rejection process also involves a strong antibody 
response and a cellular immune infiltrate [7]. Galal,3-Gal 
antigen plays a relevant role in these delayed rejection 
events [7], The Galal,3-Gal epitope is synthesized by al,3- 
galactosyltransferase (cd,3-GT), which adds a terminal ga- 
factose to the acceptor substrate N-acetyl lactosamine [8]. 

A number of laboratories are attempting to produce 
al,3-GT knockout pigs, and two have recently reported 
success using primary fibroblasts on a wild-type (WT) 
background [9-11]. However, it is unclear whether the re- 
suiting carbohydrate phenotype will be innocuous in the 
transplant setting. The combination of the od,3-GT knock- 
out with other approaches aimed at terminally glycosylating 
an uncapped N-acetyl lactosamine residue may be more 
effective in overcoming carbohydrate-mediated rejection 
events The Galal,3-Gal epitope can be downregulated by 
competition between al,3-GT and al,2-fucosylosyltrans- 
ferase (HT) for the common acceptor substrate N-acetyl 
lactosamine [12]. HT generates the universally tolerated H 
antigen [12]. Our group and others have previously shown 
that cells from HT-expressing mice [13-15] and pigs [16] 
displayed a significantly reduced expression of the Galal,3- 
Gal epitope. This modification resulted in a reduction in 
xenogenic natural antibody reactivity and an increased re- 
sistance to human serum-mediated cytolysis. A similar ef- 
fect was observed when pig cells were genetically modified 
with other glycosyltransferases such as a2,3-sialyltransfer- 
ase [17] or acetylglucosaminyltransferase in [18]. Our 
study combines these approaches by producing od,3-GT 
knockout pigs on an HT-transgenic background. Pigs with 
the al,3-GT null phenotype with and without the HT back- 
ground can be used to determine the terminal glycosylation 
patterns that are most beneficial for prolonging xenograft 
survival. 



The pig cd,3-GT gene has been isolated [19] and 
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FIG. 1 . Design of targeting constructs, 
and PCR and Southern blot screening 
strategies. The 5' end of an endogenous 
a1,3-CT allele (exons, solid boxes; introns, 
thick line) showing the regions of homolo- 
gy used for the 5' and 3' arms of the tar- 
geting constructs, the position of the probe 
(closed bar), and the H/ndlll and EcoR\ re- 
striction enzyme sites used for Southern 
blot analyses. Targeting constructs p- 
GTlFneo and pGTKneo are shown with 
the promoter! ess neo poly(A) (open box) 
cloned in frame with the endogenous ATG 
or with a Kozak consensus sequence 
(open arrow), respectively. A targeted al- 
lele shows the position of primers (solid 
arrowheads) used for PCR analyses and 
the unique Asd site; * indicates in-frame 
or Kozak consensus sequence. Primers 7 
and 8 amplified 3.4-kb and 2.7-kb target- 
ed and endogenous bands, respectively. 
Primers 1 and 9 amplified 12.8-kb and 
12.1-kb targeted and endogenous bands, 
respectively. 
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mapped to chromosome 1 region q2.10-q2.11 as a single- 
copy gene [20]. The number of exons and exon-intron 
boundries are completely conserved between the pig and 
the mouse, but the sizes of the introns are variable and tend 
to be larger in the pig [19]. Exon 4 contains the endogenous 
ATG translation initiation codon and encodes the trans- 
membrane domain of the al,3-GT enzyme [18]. The open 
reading frame begins within the first 10 bases of exon 4, 
making this gene a good candidate for gene targeting with 
a replacement-type construct at its 5' end. Targeting of the 
5' end of this gene can be accomplished without the gen- 
eration of fusion proteins or the use of complex internal 
ribosome entry site (IRES) sequences, whose functionality 
has positional limitations [21]. However, the difficulty of 
targeting the 5' end of the cd,3-GT gene is that exons 4- 
8 are relatively small, ranging from 34 base parrs (bp) to 
139 bp, and are separated by large introns ranging from 2 
kilobases (kb) to >7 kb in length. Our 5' targeting con- 
structs mainly comprise intron nucleotide sequences and 
introduce a neomycin resistance gene to replace exon 4 at 
the endogenous ATG. Because intron sequences are more 
likely than exons to harbor spontaneous mutations, the ef- 
ficiency of homologous recombination may be affected 
when using nonisogenic DNA [22]. 

Here we report the production of al,3-GT knockout, HI-, 
transgenic pigs. We found that promoter-trap targeting con- 
structs consisting mainly of intron sequence and a Kozak 
consensus sequence to initiate translation can be used to 
target genes with characteristics similar to that of al,3-GT, 
where the ATG start codon is located in a downstream exon 
and the exons are relatively small and separated by large 
introns. We used nonisogenic DNA in preparing the al,3- 
GT gene targeting constructs and developed two efficient 
and accurate polymerase chain reaction (PCR) strategies to 
detect targeted clones. These pigs are to be used for studies 
aimed at overcoming the immune rejection responses usu- 
ally generated by pig xenografts. 

MATERIALS AND METHODS 

Oocyte and Fetal Fibroblast Collection 

Experiments were conducted under an animal use protocol approved 
by the Institutional Animal Care and Use Committee of Columbus Farm- 
ing Corporation (CFC, Sherburne, NY). Oocytes from three different 
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sources were used. One group of oocytes was flushed from the oviducts 
of superovulated gilts as described previously [23]. Cycling gilts were 
synchronized by oral administration of altrenogest (Regu-Mate; Inervet, 
Millsborough, DE), 18 mg/day for 5-9 days depending on the stage of the 
estrous cycle, and superovulation was induced by a single injection of 
eCG (Diosynth, Des Plaines, IL) followed by hCG (Inervet) 76 h later. 
Unfertilized oocytes were collected by retrograde flushing of the oviduct 
45-46 h after the hCG injection. A second group of oocytes was obtained 
from the ovaries of gilts that received the same hormonal treatment except 
that ovulation was not induced with the administration of hCG. The gilts 
were killed 73 h after eCG treatment, their ovaries were removed, and the 
oocyte-cumulus complexes were collected following slicing of the 3- to 
5-mm follicles. These complexes were matured in BSA-free NCSU-23 
medium [24] supplemented with 10% porcine follicular fluid, 10 IU/ml 
eCG 10 IU/ml hCG, 0.1 mg/ml cysteine, and 10 ng/ml epidermal growth 
factor After being cultured for 22 h at 39°C under 5% C0 2 in air, the 
oocyte-cumulus complexes were transferred to fresh medium without hor- 
monal supplementation for an additional 22 h. A third group of oocytes 
recovered from slaughterhouse pig ovaries was purchased from BoMed 
(Madison, WT) and shipped to our laboratory in their commercial matu- 
ration medium. 

A heterozygous transgenic boar expressing the human H-transterase 
gene [16] was used to breed one cycling gilt (second estrus). The gilt was 
killed at Day 30 of pregnancy, and 12 fetuses were collected within their 
amniotic sacs to maintain sterility. Each fetus was processed separately. 
The head, limbs, and viscera were dissected away, and the remaining tissue 
was minced into approximately 1-mm pieces. Tissue pieces from each 
fetus were cultured for fibroblast outgrowth in 25-mm 2 (T-25) tissue cul- 
ture flasks in Dulbecco modified Eagle medium (DMEM; Invitrogen, 
Carlsbad, CA) supplemented with 15% fetal calf serum (FCS; Hyclone, 
Lo^an UT) and 1% penicillin/streptomycin (Invitrogen). Genomic DNA 
was isolated from each fetus and analyzed by PCR for the presence of the 
H-transferase transgene as previously described [23]. Confluent T-25 flasks 
were trypsinized, and cells were transferred to T-75 flasks (passage 1), 
grown to 80-90% confluence, and then frozen in liquid nitrogen for future 
use Approximately 2 X 10 6 cells/vial in culture medium containing 10% 
dimethyl sulfoxide (Sigma, St. Louis, MO) were frozen overnight in a 
-80°C freezer and subsequently stored in liquid nitrogen until use. 

ot1,3-GT Targeting Constructs 

Two targeting constructs were generated to target the al,3-GT gene 
(Fig 1) In targeting construct pGTIFneo, a neo mycin-bo vine growth hor- 
mone poly(A) (neo) sequence cassette was inserted adjacent to andin 
frame with the endogenous ATG start codon (bases 10-12 of exon 4) The 
following 471 bases were deleted, which included the remaining 80 bases 
of exon 4 and 390 bases of intron 4 within the targeting construct. For 
generation of targeting construct pGTKneo, the neo cassette with a Kozak 
concensus sequence for the start of translation was used to replace the 
endogenous ATG, exon 4, and 390 bp of intron 4. An lWcb DNA frag- 
ment from intron 3 to intron 7 was isolated from the EMBL3 porcine 
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TABLE 1 . PCR primers used in the generation of a1 ,3-CT knockout pigs. 



Primer 3 



Sequence 



1- F1765 

2- R14158 

3- F3182 

4- R4856 

5- F5327 

6- R13831 

7- F2725 

8- R5424 

9- R13915 

10- F2744 

11- R3055 



TCCATGAACAACTTCGATTGC 

TCCTTCCAGAC C AGCAC AGTTAGC 

AGTTTC CAACTACTACACTGACTTGC 

ATCTGC AGTATTTTCTC CTGGGAAAAG AAAAGG AG AAGG 

ATCGGCCGTGTATCCCTGAGCCCTTAAATACCG 

ATGGCCGTTTCCCAGTCTTACC 

TTGAGCCAGGCCACCTCCTCTTTATG 

AC AATGG CAACATGGCAGG AAGG AAG 

AAGGACGAGG CGACTGAG AAGGTCATGG 

CTTTATGGTCATGAGAACG 

TGGAAACAGCATCTATACC 



a F forward primer; R, reverse primer. Primer ID numbers represent actual positions of the primers within the 1 8- 
kbDNA fragment isolated from the porcine EMBL3 genomic library. 



genomic library (BD Biosciences, Clontech, Palo Alto, CA) using an m- 
tron 3 fragment as probe for Southern blot screening. The 18-kb fragment 
was subcloned and sequenced in its entirety and used to design PCR prim- 
ers (Table 1). DNA from a boar (different from the one used as sire for 
the fetuses) was used to amplify a 12.4-kb fragment from intron 3 to intron 
6 by long-range PCR. Amplification was performed using the Expand 
Long Template PCR kit (Roche, Indianapolis, IN) with forward primer 1 
and reverse primer 2 (Table 1). The cycling conditions were 94 C for 2 
min followed by 94°C for 15 sec, 60°C for 30 sec, and 68 C for 10 mm 
for 10 cycles, 94°C for 15 sec, 6CTC for 30 sec, and 68°C for 10 nun + 
20 sec per cycle for 20 cycles, and a final extension step of 68 C for 8 
min The PCR fragment was cloned into the pCR2.1 cloning vector (Li- 
vitrogen) and used as a template to amplify the 5' and 3' arms of the 
constructs. A 1.6-kb fragment was amplified using forward primer 3 and 
reverse primer 4 and used for the 5' arm of the constructs. An 8.5-kb 
fragment was generated and used for the 3' arm of the constructs using 
forward primer 5 and reverse primer 6 (Table 1). Except for the extension 
times the PCR cycling conditions used were the same as described above. 
The pBluescript cloning vector (Stratagene, 1^ Jolla, CA) was used to 
construct the targeting vectors. An Ascl restriction enzyme site was placed 
immediately after the neo poly(A) sequence in both pGTBFneo and p- 
GTKneo constructs. The construct vectors were each transfected into 
XLlO-competent cells (Stratagene), single colonies were amplified, and 
plasmid DNA isolated by cesium chloride gradient ultracentnfugation Tar- 
geting constructs were linearized with Notl outside the region of homology 
and used for electroporation into primary fibroblasts. 

Fibroblast Transfection Culture and Drug Selection 

One transfection was carried out with targeting construct pGTIFneo 
using fibroblasts from a non-HT-transgenic fetus. Four transfections were 
carried out with construct pGTKneo using fibroblasts from both HT-trans- 
genic and nontransgenic fetuses. Fetal fibroblasts frozen at passage 2 were 
thawed and cultured in a T-75 tissue culture flask for 24 h prior to elec- 
troporation in DMEM supplemented with 10% FCS, 1% pemcillin and 
streptomycin, 5% minimal essential medium, and 2 ng/ml basic fibroblast 
growth factor (R&D Systems, Minneapolis, MN) at 38°C in an atmosphere 
of 5% CO, in air and 100% humidity. Fibroblasts were harvested by tryp- 
sinization, and approximately 2 X 10* cells were electroporated with 10 
LLg of linearized DNA at 450 V and 350 jxF using a Gene Pulser II elec- 
troporator (Bio-Rad Laboratories, Hercules, CA). Electroporated ee ls 
were cultured for 48 h before transfer into 96-well plates (2 X 10 3 cells/ 
well) or 100-mm tissue culture plates (2 X 10 5 cells/plate) for selection 
in culture medium containing G418 (Geneticin, 600 u-g/ml; Invitrogen). 
Selection was carried out for 10 days, and wells with resistant colonies 
were each transferred in triplicate to 96-well plates. Wells from one plate 
were used for DNA isolation and PCR analysis of targeted clones. Possible 
targets from the second plate were expanded for Southern blot analysis, 
and cells from the third plate were expanded and frozen as described above 
in small aliquots (10 5 cells/vial) for nuclear transfer (at approximately 20 
cell doublings from the single cell targeting event). G418-resistant colonies 
from 100-mm plates were transferred by the cloning nng method to 24- 
well tissue culture plates for expansion and analysis. 

PCR and Southern Blot Analyses 
of Neomycin-Resistant Colonies 

DNA was isolated from G418-resistant colonies in 96-well plates by 
lysis in TE buffer (50 mM Tris, pH 8, 2.5 mM EDTA, 100 mM NaCl, 



and 0.1% SDS) for 3 h at 60°C followed by isopropanol precipitation, and 
pellets were washed twice in 70% ethanol and resuspended in 30 ul TE. 
PreUminary screening for targeted events was carried out by PCR using 
two sets of primers. The first pair of primers flanked the 5' arm of the 
construct and the neomycin resistance gene cassette and amplified targeted 
and endogenous bands of 3.4 kb and 2.7 kb, respectively, in single-allele 
al 3-GT knockout clones. The primers used were forward 7 and reverse 
8 (Table 1) The LA Taq PCR kit (Takara; Panvera Corporation, Madison, 
WI) was used, with 2 \j\ of DNA from each G418-resistant colony as 
template. The cycling conditions were 94°C for 2 min, followed by 94JC 
for 15 sec 65°C for 30 sec, and 72°C for 3 min for 10 cycles, 94 C for 
15 sec, 65°C for 30 sec, and 72°C for 3 min + 20 sec per cycle for 20 
cycles,' and a final extension step of 72°C for 8 min. 

For confirmation, long-range PCR was carried out on potential targeted 
clones using a second pair of primers that bind to sequences outside both 
arms of the targeting construct within the flanking chromosomal DNA. 
Both targeted and endogenous fragments of 12.8 kb and 12.1 kb were 
amplified, respectively. The LA Taq PCR kit was used, with 5 \l\ of DNA 
from each G418-resistant colony as template. Forward pnmer 1 and re- 
verse primer 9 (Table 1) were used. The cycling conditions were 94 C for 
2 min, followed by 94°C for 15 sec, 65°C for 30 sec, and 68 C for 10 
min for 10 cycles, 94°C for 15 sec, 65°C for 30 sec, and 68°C for 10 mm 
+ 20 sec per cycle for 20 cycles, and a final extension step of 68 C for 
8 min The amplified DNA fragments were large and too close in size to 
be separated, but when cut with Ascl the 12.8-kb fragment amplified from 
the targeted allele produced two pieces, 8.5 kb and 4.3 kb, that were 
clearly distinguishable from the endogenous 12.1-kb band after electro- 
phoresis on a 0.7% agarose gel. 

Genomic DNA isolated from cells indicated as targeted by PCR and 
from fetuses and piglets following nuclear transfer was analyzed by South- 
ern blotting [25] following standard procedures. For Southern blotting, 
DNA was digested with EcoKl or Hindlll (New England Biolabs, Beverly, 
MA), and approximately 2 u,g and 5 p,g from cells and tissues, respec- 
tively were separated on 0.7% agarose gels and blotted to Hybond-N+ 
membrane (Amersham, Pharmacia Biotech, Piscataway, NJ). A 311-bp 
DNA probe corresponding to intron 3 of the od,3-GT gene just outside 
the 5' end of the targeting construct was produced by PCR using forward 
primer 10 and reverse primer 11 (Table 1). The probe was labeled using 
[a- 32 P]dCTP (Amersham) by random oligopriming (Stratagene). Mem- 
branes were subsequently hybridized overnight at 65°C with the radiola- 
beled probe in a hybridization solution containing Denhardt reagent, 
washed with increasing levels of stringency, and exposed to Kodak XAR- 
5 film (Sigma). 

Nuclear Transfer 

Oocytes were manipulated at 46-48 h after hCG for ovulated oocytes 
and 40-42 h after initiation of maturition for in vitro-matured oocytes. 
Except for minor modifications, the procedure was as previously Scribed 
[23] For enucleation, the medium was supplemented with 1% and 5% 
sucrose for ovulated and in vitro-matured oocytes, respectively. The re- 
constructed oocytes were equilibrated in Ca-free fusion medium (pH l /.l, 
containing 300 mM mannitol, 0.2 mM MgS0 4 , 0.5 mM Hepes, 0.1% 
polyvinyl alcohol) for 5 min, and then each oocyte was placed between 
the two electrodes of a fusion chamber (BTX, San Diego, CA) overlaid 
with fusion medium. Fusion was induced with two DC pulses of 1.-2 kv/ 
cm for 60 p,sec each. Two minutes after the electrical pulse, the recon- 
structed oocytes were transferred into Beltsville embryo culture medium 
(BECM) and cultured for 1 h. They were then activated by two DC pulses 
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TABLE 2. Results of analysis of C41 8-resistant colonies from five independent transfections of primary fetal fibroblasts for the generation of al ,3-GT 

knockout pigs. . — 

No. (%) PCR-positive colonies Nq (%) Southern blot . 

positive colonies 



Fibroblast 
cell line 

C2.1"* 1 

F1.1 HT+ 

F1 .2 HT+ 
C20 HT- a 

F1 .O" 1 * 3 



Targeting construct 

pCTIFneo 
PGTKneo 
PCTKneo 
PGTKneo 
PGTKneo 



No. G41 8-resistant 
colonies 



217 
299 
656 
54 
46 



Preliminary PCR 

2 (0.9) 
4 0.3) 
9 (1.37) 
4 (7.4) 
4 (8.7) 



Long range PCR 

2 (0.9) 
4(1-3) 
8(1.2) 
4 (7.4) 
4 (8.7) 



2 (0.9) 
4(1.3) 
8(1.2) 
ND 
ND 



a G41 8-resistant colonies isolated by the cloning ring method from 100-mm tissue culture plates. Southern blots were not done (ND). 



as described for fusion except that the medium (pH 7.1) overlaying the 
fusion chamber contained 300 mM mannitol, 0.1 mM CaCl 2 , 0.1 mM 
MgS0 4) 0.5 mM Hepes, and 0.1% polyvinyl alcohol. Nuclear transfer 
embryos were either transferred into recipient animals the same day or, in 
some cases to obtain a higher number of embryos for transfer, were cul- 
tured overnight in NCSU-23 medium before transfer. These embryos were 
then pooled with nuclear transfer embryos produced the following day. In 
this study a total of 2918 nuclear transfer embryos were transferred to 20 
recipient gilts (mean, 146 embryos/recipient; range, 97-246). Recipients 
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FIG 2. PCR and Southern blot analyses of G41 8-resistant clones trans- 
fected with the pCTIFneo targeting construct. A) Preliminary PCR Lane 
M- 1 -kb DNA marker; lane 1 : no DNA template control; lane 2: CI 72 -; 
lane 3" C1 73 HT_ ; lane 4: C2.1 HT ~ cell line (nontransfected control). Primers 
7 and 8 amplified 3.4-kb and 2.7-kb targeted and endogenous bands, 
respectively. B) Long-range PCR. Lane M: 1-kb DNA marker; lane 1: 
C172 HT - lane 2- C173 HT "; lane 3: C2.1 HT " cell line control. Primers 1 
and 9 amplified a 12.8-kb targeted band (Asd cut 8.5-kb and 4.3-kb) 
and a 12.1-kb endogenous band. C) Southern blot analysis with H/nd II- 
and fcoRl-digested DNA. First panel: Hind Ill-cut DNA. Lane M: 1-kb 
DNA marker; lane 1 : C1 72™-, lane 2: CI 73 HT "; lane 3: C2 1 " T " nontrans- 
fected cell line control; lane 4: control pig DNA. Second panel: EcoKi- 
cut DNA. Lane 1: C172 HT -; lane 2: C173 HT ~; lane B: blank; lane 3: 
C2 1 HT " nontransfected cell line control; lane 4: control pig DNA. Tne 
7 4-kb targeted and 6.7-kb endogenous bands were produced with 
H/ndlll, and the 4.1 -kb targeted and 3.4-kb endogenous bands were pro- 
duced with EcoR\. 



were synchronized by oral administration of altrenogest (18 mg/day for 
5-9 days depending on the stage of the estrous cycle) and stimulated with 
500 IU hCG 72 h later. The synchrony of the recipients' estrous cycles 
was delayed by 24-48 h from that of the oocyte donors. Reconstructed 
embryos were transferred approximately 32 h after hCG injection, at 
which time the recipient animals had not yet ovulated. 

Flow Cytometric Analysis 

Expression of the al,3-GT gene and the HT transgene was assessed 
by flow cytometry of primary cultured fibroblasts. Direct fluorescence of 
cell-surface carbohydrate epitopes was performed with fluorescein isothio- 
cyanate-conjugated lectins as described previously [16, 23]. 



3 M RESULTS 



The a 1 ,3-GT enzyme is expressed in fetal and adult pig 
fibroblasts, and the Galal,3-Gal antigen is readily detected 
on the cell surface; therefore, the use of a promoter-trap 
replacement type targeting strategy was appropriate. The 
targeting constructs used here are homologous to sequences 
at the 5' end of the al,3-GT gene. The ATG translation 
start codon located at the 5' end of exon 4 (bases 10-12) 
was used as the start codon for the neomycin resistance 
gene in the targeting construct pGTIFneo. A second con- 
struct, pGTKneo, utilized a synthetic Kozak consensus se- 
quence and ATG to initiate translation of the neomycin re- 
sistance gene. These replacement-type constructs contained 
10 1 kb of sequence homology comprising an 8.5-kb long 
3' arm and a short 1.6-kb 5'arm. The positions of primers 
and the DNA probe sequence used for target analyses are 
indicated in Figure 1. A total of five independent electro- 
porations were performed with primary fetal fibroblast cell 
lines isolated from two different fetuses (fetus F, HT + ; fetus 
C, nontransgenic; passages 2 and 3). One cell line was 
transfected with construct pGTIFneo, and four were trans- 
fected with pGTKneo. Table 2 gives a summary of the re- 
sults obtained. 

Gene Targeting with pGTIFneo 

The cell line C2.1 HT " isolated from nontransgenic fetus 
C was electroporated with pGTIFneo, and 217 G41 8-resis- 
tant colonies (Table 2) were analyzed for successfully tar- 
geted events using primers 7 and 8. Two colonies, 
C17D2 HT " and C17D3 HT_ , showed the 3.4-kb and 2.7-kb 
targeted and endogenous bands, respectively (Fig. 2A). Tar- 
geting was confirmed using primers 1 and 9 flanking the 
entire construct (Fig. 2B). The targeted band was cut with 
Ascl to get the 8.5- and 4.3-kb fragments indicative of a 
targeting event. The 12.1-kb endogenous band was uncut 
(Fig. 2B). Southern blot analysis of DNA from clones 
C17D2 HT " and CUDS 1 * 1 ' and from the nontransfected 
C2.1 HT " parental cell line digested with HindUL or EcoRI 
revealed the 7.4-kb and 4. 1-kb targeted bands and 6.7-kb 
and 3.4-kb WT bands, respectively (Fig. 2C). A 0.9% rate 
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TABLE 3. Summary of nuclear transfer results for the generation of a1 ,3- 
CT knockout male pigs. 

Donor cell lines 



FIG 3 PCR and Southern blot analyses of G41 8-resistant clones trans- 
fected with the pGTKneo targeting construct A) Long-range PCR (Asd- 
digested product, top) and Southern blot (EcoRI-digested DNA, bottom) 
analyses of G41 8-resistant clones of F1.1 HT+ fibroblasts transfected w.th 
pGTkneo. Lane M: marker; lane 1: F27»"+; lane 2: NF28"*; lane 3: 
NF29 HT+ * lane 4* F1 3 HT+ cell line nontransfected control; lane 5: control 
pie DNA; lane 6: F210 HT+ . B) Long-range PCR (top) and Southern blot 
(bottom) analyses of G41 8-resistant clones of F1.2 HT+ fibroblasts trans- 
fected with pGTkneo (fcoRI-digested DNA). Lane M: marker; lane , 1: 
F13 HT+ - lane 2* F23 HT+ ; lane 3: FS4 HT+ ; lane 4: F62 HT+ ; lane 5: F612 HT+ ; 
lane 6: F93" T+ ; lane 7: F71 HT+ ; lane 8: F72 HT+ ; lane 9: F129" T+ ; lane 10: 
F3 1 HT+ cell line nontransfected control. Long-range PCR primers 1 1 and 
9 amplified 12.8-kb (Asd digested, 8.5 kb and 4.3 kb) and 12 1-kb en- 
dogenous bands. For Southern blot, 4.1 -kb targeted and 3.4-kb endoge- 
nous bands were produced with fcoRl. 

of targeting was observed in all three analyses (Table 2). 
The C°17D3 HT - cells were frozen in small aliquots and used 
as nuclear transfer donors. 

Gene Targeting with pCTKneo 

Results from targeting with pGTKneo are presented in 
Table 2 and Figure 3. PCR and Southern blotting were used 



C173 HT - F210 HT+ F27 HT+ F29 HT+ 



No. oocytes 
BoMed 

CFC, in vitro matured 

CFC, ovulated 
No. embryos transferred 
No. recipients 
No. pregnant on day 30 
No. pregnant on day 60 
No. pregnancies brought to term 
No. piglets at birth 
No. live a1,3-GT knockout HT " pigs 
No. live a1,3-GT knockout H1> pigs 



604 
484 
130 
1218 
7 
3 
3 
1 

4 
2 
0 



483 

101 
94 

674 
4 
1 a 
0 
0 
0 
0 
0 



154 
214 
55 
423 
4 
1 
0 
0 
0 
0 
0 



454 
97 
52 

603 
5 
2 
2 
2 
8 b 
0 
4 



a Pregnancy terminated for fetal fibroblast collection. 
b The first litter from F29 HT+ reconstructed embryos consisted of two pig- 
lets (live births), and the second litter consisted of six piglets (two live 
births and four stillbirths). 



to analyze a total of 1055 G41 8-resistant colonies from four 
transfections. The F1.1 HT+ cell line was used in the first 
transfection, and 299 drug-resistant colonies were analyzed. 
Four colonies, F27 m > F28 tn \ F29 m+ , and F210 HT+ , were 
detected as targeted by PCR with primers 7 and 8 (data not 
shown). This targeting was confirmed by long-range PCR 
with primers 1 and 9 flanking the entire construct, digestion 
of the PCR product with Ascl (Fig. 3A, top), and Southern 
blot analysis (Fig. 3A, bottom). A 1.3% rate of targeting 
was determined by all three methods (Table 2). Cells from 
targeted clones F27 HT+ , F29 HT+ , and F210 HT+ were used as 
nuclear transfer donors. 

Cell line F1.2 HT+ was transfected with pGTKneo, and 
656 drug-resistant colonies were analyzed (Table 2). PCR 
using primers 7 and 8 revealed that nine clones (F13^ + , 
F23" T +, F54 HT+ , F62 HT+ , F612 HT +, F93 HT+ , F71 HT+ , 
P72HT-/ an( i F129 HT+ ) were targeted (data not shown). 
When these clones were subjected to long-range PCR anal- 
ysis using primers 1 and 9 (Fig. 3B, top) and to Southern 
blot analyses (Fig. 3B, bottom), eight of the nine clones 
were confirmed as al,3-GT targeted mutants. Clone 
F1 29HT+ (pig, 3B, lane 9) did not show a mutant banding 
pattern Two additional transfections with construct p- 
GTKneo were performed using F1.0 HT+ and C2.0 HT - cell 
lines (Table 2). Tissue culture plates (100 mm) and cloning 
rin^s were used for selection of drug-resistant colonies in- 
stead of 96-well plates. From C2.0 HT " and F1.0 HT+ trans- 
fected cells, 54 and 46 G41 8-resistant colonies were trans- 
ferred by the cloning ring method to 24-well plates, re- 
spectively. In each case, four targeted clones were identified 
by PCR (Table 2), to give targeted mutation rates of 7.4% 
and 8.7%, respectively. Southern blot analysis was not per- 
formed on these clones. 

Production of <x1,3~GT Knockout Pigs 
by Nuclear Transfer 

Four different targeted cell lines, Cm m ~, F210 HT+ , 
P27HT +i arK i F29 HT+ , were used as donors for nuclear trans- 
fer (Table 3). The karyotype of the parent cell lines (before 
targeting) used in this study appeared normal, with >75% 
of tfie chromosome spreads displaying a full complement 
of 38 chromosomes (data not shown). A total of 2918 nu- 
clear transfer embryos were transferred to 20 recipient gilts 
(mean, 146 embryos/recipient; range, 97-246). Seven preg- 
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A 





FIG 4 Southern blot analysis of fcoRI-digested DNA from nuclear 
transfer cloned piglets and fetuses, producing 4.1 -kb targeted and 3.4-kb 
endogenous bands. A) Litter 136. Lane 1: piglet 1 36-1 HT "; ane 2: piglet 
136-2 HT +; lane 3: piglet 136-3 HT ~; lane 4: piglet 136-4"-; lane 5: recip- 
ient, DNA control. B) Southern blot analysis of fcoRI-digested DNA from 
litter 141, Lane 1: recipient, DNA control; lane 2: blank; lane 3: piglet 
141-1 HT+ - lane 4- piglet -\4*\-2 m+ . Q Southern blot analysis of fcoRI- 
dieested DNA from fetuses derived from 0173"- and F210 HT+ recon- 
structed embryos. Lane 1: fetus 1 (reabsorbing); lane 2: fetus 2"-; lane 
3: fetus 3 HT+ ; lane 4: fetus 4 HT+ . 



nancies were detected by ultrasonography at Day 30, five 
were detected at Day 60, and three were carried to term, 
resulting in eight live births (one piglet died soon after 
birth) and four stillbirths (Table 3). Figure 4A shows South- 
ern blot analysis of the four piglets cloned from C173 
and a nontargeted cell line. The 4.1-kb targeted and 3.1-kb 
endogenous bands were detected in DNA samples isolated 
from piglets 1, 3, and 4 (Fig. 4A, lanes 1, 3, and 4). Figure 
4B shows Southern blot analysis of the two piglets from 
the first litter cloned from F29 OT+ cells. The targeted and 
endogenous bands were found in DNA samples from both 
piglets (Fig. 4B, lanes 2 and 3). DNA was isolated from 
each of the six piglets (four stillborn and two live) from 
the second litter cloned from F29 HT+ cells and was ana- 
lyzed by PCR. DNA from all six piglets showed the 3.4- 
kb targeted and 2.7-kb endogenous bands, using primers 7 
and 8 (data not shown). The presence of a mutated allele 
was confirmed by long-range PCR using primers 1 and 9. 
A targeted band (digested with Ascl to give the 8.5-kb and 
4 3-kb targeted bands) from the mutated allele and the 12.1- 
kb endogenous band were evident in all six piglet samples 
(data not shown). Figure 4C shows Southern blot analysis 



of the four fetuses harvested for fibroblasts. The 4.1-kb 
targeted and 3.1-kb endogenous bands were detected in 
DNA samples isolated from fetuses 2, 3, and 4. Fetus 1 was 
reabsorbing, and a targeted band was not evident in the 
partially degraded DNA (Fig. 4C). 

To increase the number of embryos transferred per re- 
cipient, some embryos were cultured in NCSU-23 medium 
for 24 h and then transferred together with nuclear transfer 
embryos produced the following day. In some cases, nu- 
clear transfer experiments were conducted with nontargeted 
cells. The cells used in the non-gene targeting experiments 
were from a different cell line, which produces black piglets 
instead of the white piglets from the targeted cell lines (see 
Fig. 5). The fibroblasts used in the non-gene targeting ex- 
periments also expressed the HT transgene. 

Embryos reconstructed with Cll3 m - cells were trans- 
ferred to seven recipients and resulted in three established 
pregnancies (detected by ultrasonography at Days 30 and 
60 of pregnancy). Two recipients aborted after Day 60, and 
one carried the pregnancy to term, producing a litter of four 
piglets (Table 3 and Fig. 5A, inset shows litter at birth). 
This litter resulted from the transfer of targeted and non- 
targeted nuclear transfer embryos. One of the four piglets 
born was clearly from the nontargeted (black) cell line. One 
piglet from the litter died soon after delivery from an un- 
determined cause, and the remaining three are healthy at 2 
mo of age (Fig. 5A). 

Three recipients received F210 HT+ reconstructed embry- 
os, and one received C173 m " and F210 HT+ reconstructed 
embryos. A pregnancy resulted from the recipient trans- 
ferred with the combination of F210 HT+ and 0173^" re- 
constructed embryos (Table 3). This recipient was killed at 
Day 30 of pregnancy, and the fetuses were collected to 
establish fetal fibroblast cell lines for further experiments. 
Two of the fetuses developed from C173 HT - cells, and the 
remaining two were from F210 HT+ cells, as determined by 
flow cytometry detecting HT expression (data not shown). 
One of the four transfers with F27 HT+ reconstructed em- 
bryos resulted in a pregnancy that aborted after 30 days 
(Table 3). Two of the five transfers with F29 HT+ recon- 
structed embryos became pregnant and produced litters of 
two piglets (Fig. 5B) and six piglets (four stillborn and two 
live; Table 3). Overall, five pregnancies were obtained with 
1227 embryos produced from oocytes ovulated (331 oo- 
cytes) or in vitro matured (896 oocytes) after collection 
from pigs kept in our facility at CFC. In comparison, two 
pregnancies resulted from BoMed in vitro-matured oocytes 
(1695 oocytes): one aborted after Day 60 and the second 
produced a litter of two piglets. The first two pregnancies 
were allowed to proceed to 119 days (5 days past the due 
date of 114 days), delivery was by caesarian section, and 
there was no milk let down. The third pregnancy was al- 
lowed to go to term naturally, parturition occurred at 116 
days, and there was milk let down; however, there were 
four stillborn piglets and two live piglets. 

Detection of Cell Surface Expression of H and Gala1,3- 
Cal Carbohydrate Antigens 

Nuclear transfer using al,3-GT knockout donor cells de- 
rived from HT-transgenic or nontransgenic fetuses success- 
fully produced piglets. The nontransgenic cell line C2.1 M " 
exhibits a high level of expression of the Galal,3-Gal epi- 
tope but lacks H antigen expression (Fig. 6A). The litter 
(no 136) of four piglets was produced from embryos re- 
constructed using the nontransgenic 0173^" targeted cell 
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line and from nontargeted cells that express HT (Fig. 6). 
Three of the piglets, 136-1, 136-3, and 136^, did not ex- 
press HT and showed a slight reduction in Galal,3-Gal 
epitope expression as compared with the parental cell line 
(Fi<* 6, A and C). However, the first litter (no. 141) of two 
piglets produced from the F29 OT+ al,3-GT targeted cell 
line expressed both HT and the Galal,3-Gal epitopes as 
strongly as did the parental cell line Fl.l m + (Fig. 6, B and 
D). 

DISCUSSION 

Flow cytometry results have indicated that the al,3-GT 
gene is expressed in pig fibroblasts, which allowed us to 
use a promoter-trap targeting strategy. A targeting construct 
with a modified translation initiation site based on the Ko- 
zak consensus sequence (for review see [26]) was used to 
initiate translation of the neomycin resistance gene. A sec- 
ond construct with the neo gene inserted in frame with the 
endogenous ATG was also produced. The use of a Kozak 
consensus sequence allowed for flexibility in designing the 
targeting construct because 1) the selectable marker gene 
can be placed under the control of the endogenous promoter 
without it having to be cloned in frame with the coding 
sequence, i.e., the 5' untranslated region of a gene can be 
targeted with a synthetic Kozak-ATG consensus sequence 
for translation initiation, 2) there was no need to generate 
a fusion protein with the selectable marker gene that may 
have reduced functionality, 3) it does not require the use 
of IRES sequences, and 4) it allows the arms of the tar- 
geting constructs to consist entirely of intron sequences. In 
targeting the 5' end of a gene in the pig, a synthetic Kozak- 
ATG consensus sequence was used to initiate translation as 
efficiently as does the endogenous translation start site. 
Neomycin-resistant targeted od,3-GT colonies were detect- 
ed at similar frequencies after transfection with either p- 
GTIFneo or pGTKneo and selection with 600 u^g/ml G418. 
The cell lines used here were isolated from fetuses that 



were not sired from the boar whose DNA was used as tem- 
plate for generating the targeting constructs. Therefore, 
there was no chance that the cells possessed an allele iso- 
genic to the constructs. The level of isogenicity and the 
extent of single base changes introduced by long-range 
PCR were not determined in this study. Dai et al. [10] 
found no differences between cell lines transfected with 
isogenic and nonisogenic DNA in the pig. In the present 
study, a similar rate of gene targeting was obtained with 
cell lines from two different fetuses. How these factors af- 
fect the rate of homologous recombination in the pig is 
unknown. As in humans [27], isogenic DNA is not an ab- 
solute requirement for gene targeting in pigs. 

Unlike embryonic stem cells, somatic cells progress 
through a finite number of population doublings before be- 
coming senescent, which places severe constraints on their 
ability to proliferate sufficiently to accommodate one round 
of gene targeting and cloning. An estimated 30-35 cell 
doublings are required for one round of gene targeting [28]. 
We optimized the conditions to culture, select, and identify 
the targeted clones, allowing successful expansion of the 
cells that carried the targeted al,3-GT allele. 

Targeted clones were efficiently detected by a prelimi- 
nary PCR assay using specific primers that flanked the short 
1.6-kb 5' arm and the neomycin resistance gene. The for- 
ward primer was homologous to sequence outside the 5' 
arm of the construct, and the reverse primer was anchored 
to homologous sequence within the 3' arm. Using these 
flanking primers, we did not get the large number of false 
positives detected with targeting primers in which one 
primer is specific to sequence outside the construct and the 
other is specific to neomycin resistance gene sequence (data 
not shown) [9]. Because both the targeted mutant and non- 
targeted alleles had the same specific homologous binding 
sites for the preliminary PCR primers, both targeted and 
endogenous alleles were screened in the same reaction, 
making it easier to identify possible targets and mixed col- 
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onies All but one of the clones indicated as targeted by the 
preliminary PCR analysis were confirmed by long-range 
PCR analysis. In addition, results of the long-range PCR 
analysis were corroborated by Southern blotting, which 
confirmed the presence of a mutated al,3-GT allele. The 
unique Ascl site placed after the neo selection cassette was 
used to cut the targeted fragment amplified by long-range 
PCR using primers that flanked the whole targeting con- 
struct so that it could be distinguished from the endogenous 
band by agarose gel electrophoresis. Long-range PCR per- 
mitted the detection of recombination events at both ends 
of the construct to confirm replacement of the WT with the 
disrupted allele. . . 

The efficiency of homologous recombination round in 
this study ranged from 0.9% to 8.7%, as determined by 
"long-range PCR analysis, and is comparable to that ob- 
tained in the two previous reports of al,3-GT gene knock- 
out pigs [9, 10]. Plating of the transfected cells in 100-mm 
tissue culture plates and selecting clones by the cloning ring 
method appears to isolate a higher percentage of targeted 



clones. Here, each colony identified as targeted by long- 
range PCR was isolated from a different plate and was as- 
sumed to represent an independent targeting event. How- 
ever, isolating large numbers of clones by the cloning ring 
method is very tedious and time-consuming. The process 
can be scaled up to screen larger numbers of G418-resistant 
clones by selection in 96-well tissue culture plates. How- 
ever, we observed a drop in targeting efficiency using this 
method that could be related to differences in plating den- 
sities. The targeting frequencies obtained for cell lines iso- 
lated from the two fetuses were similar when plated in the 
96-well plates and when plated in the 100-mm plates. Al- 
though a slightly higher percentage of targeted clones was 
obtained with the pGTKneo construct, there was no signif- 
icant difference from the percentage obtained with the 
pGTEFneo construct. 

To date, we have generated six healthy al,3-GT gene 
knockout male piglets, four of which express the HT anti- 
gen on their cells. Except for one apparently normal piglet 
That died soon after birth, the remaining seven piglets de- 
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rived from this work are healthy (including the HT-express- 
ing nontargeted control littermate). Pregnancies were estab- 
lished with embryos reconstructed from all four targeted 
cell lines used for cloning. . 

This is the first study to show that Southern blot analysis 
can be performed to confirm a knockout in somatic pig cells 
before they are used for nuclear transfer. The two targeting 
constructs designed and used here were effective in replac- 
ing a WT allele at frequencies comparable to those previ- 
ously reported for the al,3-GT locus. A novel preliminary 
PCR screening strategy was developed and was stringent 
enough to avoid large numbers of false positives. A unique 
long-range PCR screening strategy also was developed and 
used to confirm the presence of the mutated allele by gene 
targeting. The long-range PCR screening strategy was 
equivalent in stringency to Southern blotting, as indicated 
by the similarities in numbers of targeted clones detected 
with both assays. In targeting the 5' end of a gene in the 
pig, a synthetic Kozak-ATG consensus sequence was used 
to initiate translation as efficiently as does the endogenous 
translation start site. Thus, it is not necessary to clone the 
selection marker gene in frame with the endogenous ATG 
initiation codon. A consideration with this strategy is to 
retain the optimum distance of the Kozak sequence 5' to 
the ATG within the untranslated region. We have produced 
healthy al,3-GT gene knockout HT-transgenic male piglets 
that can be used to generate a al,3-GT null phenotype. In 
future studies, the generation of homozygous al,3-GT 
knockout pigs with the HT-transgenic background will be 
unique and may be more effective than the null phenotype 
alone in prolonging xenograft survival. 
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RAPID COMMUNICATIONS 

HETEROZYGOUS DISRUPTION OF THE al,3- 
GALACTOSYLTRANSFERASE GENE IN CATTLE 

Yutaka Sendai, 2 Tokihiko Sawada, 3 - 7 Manami Urakawa, 4 Yoicm Shinkai, 5 Keiichi Kubota, 3 

SATOSHI TERAOKA, 6 HIROYOSHI HOSHI, 2 AND YOSHITO AOYAGI 

Background Animal cloning techniques have en- major effort has been made in the ^medical field to disrupt the 
abted , Snelir^t^nin severll speciel Here, we re- al,3-galactosyltransferase (al,3-GT) gene, whxch xs the ma- 
port the first successful disruption of the al,3-galacto- j or barrier to xenotransplantation. 

syltransferase (al,3-GT) gene in cattle. Cattle are potentially useful as donors for xenotransplan- 

Methods. The al,3-GT gene of the Japanese Black tatioELt ^ although gene disruption is essential for achiev- 

cow (JBC) was used to construct pGT-6, a targeting ^ gthis goa^ there have been no reports of gene disruption in 

vector for the bovine al f 3-GT gene, and pGT-6 ^ was bovine hree ^ in this article, we report the estabhshment of 

introduced into the fetal fibroblast cell line JBC906 by hete s al 3 _ GT knockout fetal fibroblast ceUs isolated 

the lipofection method Four ^^Z^^^: fro m a fetal cloned Japanese Black cow (JBC). 
tion (PCR)-positive colonies were obtained from 797 * 
G418-resistant colonies, and Southern blot analysis re- 
vealed successful homologous recombination at the 
al,3-GT locus in one of the four colonies. Nuclear 
transfer was performed, and the four embryos were 
transferred to a heifer. 

Results. To establish fetal fibroblasts that were net- 
erozygously disrupted at the al,3-GT locus, one of the 
fetuses was recovered at 5 weeks of pregnancy, and 
PCR and Southern blot analysis of the fetal fibroblasts 
established from it showed definite homologous re- 
combination of the al,3 GT gene. y o _ 

Conclusions, Heterozygous knockout of the a2,3-Gri 
gene was performed in JBC, and production of a ho- 
mozygous al,3-GT knockout JBC by a second round of 
targeting 906htGT is currently in progress. The tech- 
nique described here can be applied to disruption of 
other genes in cattle. 

Targeted disruption of a particular gene used to be possible 
only in mice. However, several recent studies have reported 
successful gene disruption in sheep and pigs by animal clon- 
ing methods (1-31 Gene disruption in large animals is con- 
sidered to be useful in medicine and in agriculture (4\ and a 
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from a fetal cloned Japanese Black cow (JBC). 

MATERIALS AND METHODS 
Targeting Construct 

Because differences in sequence between the JBC and a commer- 
cially available bovine genomic DNA library might have affected the 
efficiency of homologous recombination, we created a JBC genomic 
DNA library, obtained an al,3-GT gene, and used it to construct a 
promoterless targeting vector, pGT-6, by inserting an IRES (internal 
ribosome entry site)-/3-galactosidase (LacZ) plus neomycm-resis- 
tance gene {Neo) cassette (IRES-LacZ+Neo) into exon 9 (Fig. 1). The 
pGT-6 contained a 6.3-kb EcoRV fragment Gong arm) and an 0.8-kb 
Hindin-BamUl fragment (short arm) of the al,3-GT gene. 

Cells and Gene Transfection 
JBC906 is a fetal fibroblast cell line that was established from a 
fetal JBC. To transfect the targeting vector, 2X10 4 JBC906 cells/well 
in 2 mL of MEM-a (Gibco BRL, Rockville, MD) containing 10% fetal 
calf serum (Research Institute for Functional Peptides, Yamagata, 
Japan) were plated out in four sets of six-well culture plates, and 2 
days later 2 f-ig/well of pGT-6 that had been linearized vnttiXkol was 
introduced with TransFast transfection reagent (Promega, Madison, 
WI) The transfection protocol was that recommended by the manu- 
facturer. After 24 hr, 0.4 mg/mL G418 (Geneticin; Gibco BRL) was 
added to the culture medium, and the next day cells were collected 
and seeded into eight sets of 48-well culture plates. The culture 
medium was replaced every 4 days. At 12 to 14 days after transfec- 
tion, the G418-resistant colonies were divided into two wells of a 
48-well tissue-culture plate. One well was used for polymerase chain 
reaction (PCR), and the other weU was used for Southern blot anal- 
ysis and nuclear transfer. 

PCR Analysis 

Cells were suspended in 50 jiL of lysis buffer (10 mM Tris-HCl, 50 
mM KC1, 2 mM MgCl 2 , 0.45% NP-40, 0.45% Triton-XlOO, and 60 
^g/mL proteinase K) and then incubated at 55°C for 70 min and 
100°C for 13 min. Lysates (5 /iL/reaction) were directly subjected to 
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Figure 1. Diagram of the bovine «2,3-GT locus and targeting vector, {shaded boxes) Exons; {white boxes) targeting cassette 
IRES-LacZ+Neo; (PI, P2, and P3) PCR primers used in this study (see Fig. 2A). 



primer locations are shown in Figure 1: PI, 5-ACCGCTATCAGGA- 
CATAGCGTTGG-3; P2, 5-CTGGAGACCACCCACACTGCCTGG-3; 
and P3, 5-GATTATCACATAGGCCTACCTGCGG-3. Products were 
analyzed by 1% agarose gel electrophoresis. A positive signal (P1-P2 
product) was detected at 1.2 kb. 

Southern Blot Analysis 

After digesting 15 jig of genomic DNA with Xbal and separation 
on 0.8% agarose gel, the DNA was transferred to a nylon membrane, 
and signals were detected with a DNA probe corresponding to the 
short arm of the pGT-6 vector. The signal for the wild type was 
detected at 13 kb, and the signal for the homologous recombinant 
was detected at 6.6 kb. 

Nuclear Transfer and Establishment of the Fetal Fibroblast 

Cell Line 

Oocytes matured in vitro were enucleated 19 to 20 hr after the 
start of culture, and donor cells (3-28) were cultured at 38°C for 3 
days in Dulbecco's Modified Eagle Medium (DMEM) (Gibco BRL) 
containing 10% FCS under an atmosphere of 5% carbon dioxide and 
95% air. Enucleated oocytes were placed next to donor cells, and 
fusion was performed by application of a DC pulse of 25 V/150 ,im for 
10 ms, followed by a DC pulse of 100 V/mm for 60 /is. Activation was 
performed by exposure to Ca-ionophore (5 fiM, 5 min) and cyclohex- 
imide (10 jig/mL). Fused cells were co-cultured at 39°C with bovine 
oviductal epithelial cells for 6 days in a humidified atmosphere of 5% 
carbon dioxide in air, and the embryos were transferred to the uterus 
of a recipient Holstein heifer. At day 38 of gestation, the heifer was 
killed and one fetus was recovered. Day 38 was chosen because our 
previous studies had indicated that fetal JBC fibroblasts recovered 
at this stage had the best qualities for cell culture assay and for use 
as donor cells for nuclear transfer. Our strategy was to use the 
fibroblasts for second-round targeting. Because pregnancy lasts ap- 
proximately 10 months in cattle, it takes a long time to produce 
homozygotes by backcrossing. Second-round targeting of heterozy- 
gous gene-disrupted fibroblasts is a far cheaper and more rapid 
means of doing so. 

The head and digestive tract of the fetus were removed, and the 
rest of the fetus was digested with 0.1% trypsin overnight at 37°C. 



The fibroblasts recovered were cultured for 5 days in DMEM con- 
taining 10% FCS and then stored in liquid nitrogen. 

RESULTS AND DISCUSSION 

JBC have been extensively investigated in nuclear transfer 
studies in Japan (5) and have potential advantages as donors 
for xenotransplantation, one of which is that they are smaller 
than other bovine breeds. We assessed four different fetal 
fibroblast cell lines for efficiency of growth and transduction, 
and selected the JBC906 cell line for the experiments. 

Six transfection experiments were performed, and 797 
G418-resistant colonies were obtained (Table 1). Four of 
these 797 colonies were PCR-positive for al,3-GT targeting 
(colonies 1-59, 3-28, 1-26, and l-34)(Fig. 2A), and all of 
them were successfully expanded for Southern blot analysis. 
Southern blot analysis revealed disruption at the al,3-.GT 
gene in colony 3-28 alone (Fig. 2B). Colonies 1-26 and 1-34 
contained an extra signal (Fig. 2B) around 6.6 kb, suggesting 
that both successful homologous recombination, and random 
integration had occurred in the same cell and that they were 
derived from the same colony, and colony 1-59 contained 
only the endogenous al,3-GT allele. We therefore used cells 
from colony 3-28 as the donor cells for nuclear transfer. 



Table 1. Summary of in vitro targeting 



Experiment 
No. 



G418-resistant 
colony 



PCR-positive 
clone 



1 

2 
3 
4 
5 
6 

Total 



126 
82 
116 
122 
196 
155 
797 



1 (1-59) 
0 

1 (3-28) 
0 

2 (1-26, 1-34) 
0 

4 
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Table 2. Summary of nuclear transfer 



No. of 
pulsed embryos 



No. cleaved to 2-8 cells 
(day 3) 



No. that developed 
to a compacted morula 
(day 6) 



40 



35 (87.5%) 



24 (60.0%) 



P3-P2 



PI-P2 



(B) ^ 




-13kb 



-6.6kb 




-13kb 



-6.6kb 



Figure 2. (A) PCR results for G418-resistant colonies. WT, 
wild type. (B) Southern blot analysis of G418-resistant colo- 
nies. The wild-type allele produces a signal at 13 kb, and the 
homologous recombinant produces a signal at 6.6 kb. (C) 
Southern blot analysis of 906htGT. 

Nuclear transfer was performed as described earlier (see 
Materials and Methods). Forty cells were pulsed and fused, and 
35 of them had cleaved to the 2- to 8-cell stage by day 3 (Table 
2). By day 6, 24 cleaved embryos had developed to the compact 
morula stage, and four compact morulas were ultimately trans- 
ferred to a recipient heifer. Only one fetus was recovered at 5 
weeks of pregnancy, and macroscopic examination showed no 
apparent abnormalities. We killed the fetus at this stage to 
establish heterozygously gene-disrupted fetal fibroblasts for use 
in second-round targeting. Our strategy is faster and more 
economical than backcrossing cattle to produce homozygous 
disruptions, and it has considerable future potential for produc- 
ing homozygous disruption of any genes in cattle. 



The fetus had a crown-rump length of 19 mm and weighed 
1 g. Both values were within the normal range. Fetal fibro- 
blast cell line 906htGT was established from the fetus, and 
Southern blot analysis of the 906htGT cells showed definite 
disruption at the al,3-GT gene (Fig. 2C). 

We expect that al,3-GT knockout JBC will serve as an alter- 
native to niiniature swine as a source of xenogeneic donors. The 
small size of adult JBC enables donor kidneys to be obtained 
from them, and possible size mismatches can be overcome by 
surgical reduction. Donation of hearts and lungs by fetuses 
offers potential advantages. Tissues and cells can be donated by 
an adult JBC, regardless of size, and isolation of bovine pancre- 
atic islets is much easier than isolation of porcine islets (6). 

CONCLUSION 

We are currently in the process of producing homozygous 
al,3-GT knockout JBC by a second round of 906htGT target- 
ing. This technique offers a new means of producing geneti- 
cally engineered cattle. 
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al,3-Galactosyltransferase Gene-Knockout Miniature 
Swine Produce Natural Cytotoxic Anti-Gal Antibodies 

Frank J.M.F. Dor, 1 Yau-Lin Tseng, 1 Jane Cheng, 2 Kathleen Moran, 2 ToddM. Sanderson 2 
Courtney /. Lancos, 1 Akira Shimku, 1 ' 2 Kazuhiko Yamada, 1 Michel Awwad 2 David H. Sachs/ 
Robert J. Hawley 2 Henk-Jan Schuurtnan, 2 and David K. C. Cooper 1 

Background. The expression of galactoseal,3galactose (Gal) in pigs has proved a barrier to xenotransplantation. 
Miniature swine lacking Gal (GaT'~ pigs) have been produced by nuclear transfer/embryo transfer. 
Methods. The tissues of five Gal"'~ pigs of SLA dd haplotype (SLA^) were tested for the presence of Gal epitopes by 
staining with the Griffonia simplicifolia B4 lectin. Their sera were tested by flow cytometry for binding of IgM and IgG 
to peripheral blood mononuclear cells (PBMC) from wild-type (GaT /+ ) SLA-matched pigs; serum cytotoxicity was 
also assessed The cellular responses of PBMC from Gal"'" swine toward GaT /+ SLA-matched PBMC were tested by 
mixed leukocyte reaction and cell-mediated lympholysis assays. 

Results. None of the tissues tested showed Gal expression. Sera from all five Gal ' pigs manifested IgM binding to 
GaT'"" pig PBMC, and sera from three showed IgG binding. In all five cases, cytotoxicity to GaT'"*" cells could be 
demonstrated, which was lost after treatment of the sera with dithiothreitol, indicating IgM antibody-mediated cyto- 
toxicity. PBMC from Gal"'" swine had no proliferative or cytolytic T-cell response toward GaT'* 4 * SLA-matched 
PBMC. 

Conclusions. Gal"'" pigs do not express Gal epitopes and develop anti-Gal antibodies that are cytotoxic to Gal pig 
cells. The absence of an in vitro cellular immune response between Gal"'" and GaT*' + pigs is related to their identical 
SLA haplotype and indicates the absence of immunogenicity of Gal in T-cell responses. The model of GaT' -1 " organ 
transplantation into a Gal _/ ~ SLA-matched recipient would be a valuable large animal model in the study of accom- 
modation or B-cell tolerance. 

(Transplantation 2004;78: 15-20) 



Anew era of xenotransplantation research has com- 
menced with the availability of pigs in which the al,3- 
galactosyltransferase gene has been knocked out and which 
therefore do not express galactoseal,3galactose (Gal) 
(Gal~'~ pigs) (i). The presence of natural antibodies (Ab) to 
the Gal epitope has been a major barrier to successful xeno- 
transplantation in pig-to-nonhuman primate models. Many 
groups have attempted to overcome hyperacute rejection and 
acute humoral xenograft rejection mediated by anti-Gal Ab 
using different strategies to manipulate production and/or 
function of these Ab. The availability of Gal"'" pigs enables 
the investigation of pig-to-baboon organ transplantation in 
the absence of anti-Gal Ab-mediated rejection; it also offers a 
large animal model to study other immunologic phenomena 
that could not be investigated in large animals previously, 
such as accommodation and B-cell tolerance. 
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METHODS 

Animals 

Five Gal" 1 " miniature swine, generated by nuclear 
transfer/embryo transfer from modified fibroblasts from 
Massachusetts General Hospital (MGH) MHC-inbred min- 
iature swine of swine leukocyte antigen (SLA) dd haplotype, 
served as sources of tissues, sera, and peripheral blood mono- 
nuclear cells (PBMC). Swine ranged in age from 2.8 to 4.2 
months. Homozygosity for al^-galactosyltransferase gene- 
knockout was confirmed by genomic polymerase chain reac- 
tion and genomic Southern blots (la). Tissues, sera, and 
PBMC were also obtained from 15 wild-type (Gal +/+ ) MGH 
miniature swine matched for age to the Gal"'" pigs. 

Preparation and Staining of Tissues 

Biopsy specimens of all major organs and tissues (Table 
1) were obtained from freshly killed GaT /- and Gal +/+ pigs. 
Specimens were fixed in 10% buffered formalin and embed- 
ded in paraffin. Four-micron sections were stained with he- 
matoxylin and eosin. 

To detect Gal, the immunoperoxidase technique with 
the biotinylated lectin Griffonia simplicifolia (IB4) was used 
(2,3). Four-micron sections were treated in BorgDeciocker 
solution (Biocare Medical, Walnut Creek, CA) for 3 min at 
120°C in a pressure cooker (Biocare Medical) and incubated 
with biotinylated IB4 lectin (Vector Laboratories, Burlin- 
game, CA) for 30 min at predetermined optimal dilution. 
After washing with phosphate-buffered saline, the sections 
were incubated with avidin/biotin peroxidase complex (Vec- 
tastain Elite ABC Kit; Vector) for 30 min, visualized by using 
a 3,3'-diaminobenzidine substrate kit (Vector), and counter- 
stained with hematoxylin. 

15 



Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. 



16 



Transplantation • Volume 78, Number 1, July IS, 2004 



TABLE 1. Staining of tissues from Gal / 


and Gal +/+ miniatare swme with IB4 lecun 


Tissue 


/»-« i — / — • _ 
Gat pig 


Gal+'+pig 


Heart 


Negative 


CP, BV 


Kidney 


Negative 


CP and capillaries in glomerular loops, dv , some luouiar epiuiciidi ccluj 


Lung 


Negative 


BV, JVLh>, alveolar epitueiiai ceus, Droncoiai epnucuai icus, v_<r 


Pancreas 


Negative 


CP , BV, cenuo-acinar ceus 


Liver 


Negative 


BV, Kuptter cells, some tiepatocytes 


Spleen 


Negative 


r>\ r t , I ..tl, \ <f /IS T\/^ mil /-olio 

BV, lympooid. ceils, m<p, stromal ceus 


Thymus 


Negative 


CP, BV, thymocytes, M<P, DC 


Intestine-small 


Negative 


CP, BV, cells m lamina propria, muscle ceus in muscle layer 


Intestine-large 


Negative 


CP, BV, cells in lamina propria, muscle cells in muscie layer 


Ureter 


Negative 


CP, BV, muscle cells in muscle layer, epiuieuai cells in oasai layer 


Stomach 


Negative 


CP, BV, cells in lamina propria, muscle cells in muscle layer 


Bone marrow 


Negative 


Almost all cells 


Aorta 


Negative 


CP, BV, endothelial cells 


Salivary gland 


" Negative 


CP, BV, myoepithelial cells 


Bladder 


Negative 


CP, BV, muscle cells in muscle layer, epithelial cells 


Lymph node 


Negative 


Lymphoid cells, M$, DC, BV, CP 


Tonsil 


Negative 


Lymphoid cells, M4>, DC, epithelial cells, BV, CP 


Ear 


Negative 


CP, epithelial cells in basal layer, BV 


Skin 


Negative 


CP, epithelial cells in basal layer, BV 


Ovary 


Negative 


CP, BV, germinal epithelial cells 



" Hepatocytes always have some background staining. 

CP, capillaries; BV, blood vessels; M<t>, macrophage; DQ dendritic cells. 



Isolation of PBMC from Blood 

Heparinized whole blood was diluted with Hanks* bal- 
anced salt solution (Gibco, Grand Island, NY) followed by 
density gradient centrifugation (30 min, 1400g) using lym- 
phocyte separation medium (ICN Biomedicals, Aurora, 
OH). The remaining red blood cells in harvested buffy coats 
were lysed using ACK lysing buffer (BioWhittaker, Walkers- 
ville, MD). Cells were stored in mixed leukocyte reaction 
(MLR) media (RPMI 1640 without L-giutamine [Gibco]) 
supplemented with 6% fetal pig serum (Sigma Chemical, St 
Louis, MO), 100 U/mL penicillin, 135 jxg/mL streptomycin 
(Gibco), 50 jxg/mL gentamicin (Gibco), 10 mM HEPES 
(Fisher Scientific Pittsburgh, PA), 2 mM L-glutamine 
(Gibco), 1 mM sodium pyruvate (BioWhittaker), 1% nones- 
sential amino acids mixture (100X) (BioWhittaker), and 
5X10" 5 M p2 mercaptoethanol (Sigma) until usage. These 
PBMC were used in flow cytometry, cytotoxicity, MLR, and 
cell-mediated lympholysis (CML) assays. 

Enzyme-Linked Xmmunoadsorbent Assay for 
Natural Anti-Gal Antibodies 

This procedure followed the previously described 
method (4). Briefly, 96-well plates coated with 5 /xg/mL bo- 
vine serum albumin (BSA)-Gal (Alberta Research Council, 
Edmonton, Alberta, Canada) and blocked with 1% BSA in 
PBS-Tween were loaded with graded doses of pig serum start- 
ing at 2% and diluted fivefold afterward, followed by incuba- 
tion with horseradish peroxidase-conjugated rabbit Ab spe- 
cific for pig IgG or IgM. Color development was achieved by 
ABTS and stopped by 2N sulfuric acid after 13-min incuba- 



tion in the dark. Plates were read using a Thermomax plate 
reader (Molecular Devices, Menlo Park, CA). 

Flow Cytometry for the Detection of Antibodies 
to Gal +/+ MHC-matched PBMC in Serum of 
Gai _/ " Pigs 

Sera of Gal _/ ~ pigs were heat-inactivated for 30 min at 
56° C. PBMC (10 6 ) from GaT /+ SLA dd miniature swine in 
100 jueL of FACS buffer (Hanks* balanced salt solution con- 
taining Ca 2+ and Mg 2+ /0.1% BSA/0.1% NaN 3 ) were incu- 
bated with 10 fiL of pig immunoglobulin (50 /xg) (blockade 
of nonspecific binding through, eg, Fc receptors). Then, 10 
fiL of heat-inactivated Gal" 7 " serum was added to the desig- 
nated test tubes. The positive control consisted of heat-inac- 
tivated serum from a SLA 30 pig that was immunized with 
SLA dd cells, and the negative control consisted of heat-inac- 
tivated normal pig serum. After 30 min of incubation, opti- 
mal concentrations of the secondary Ab (polyclonal fluores- 
cein isothiocyanate-conjugated goat anti-swine IgG and IgM) 
were added. Additional negative controls included Gal +/+ 
SLA dd PBMC alone and PBMC incubated with the secondary 
Ab only. Data were acquired using a Becton Dickinson FAC- 
Scan (San Jose, CA) and analyzed with WinList analysis soft- 
ware (Verity Software House, Topsham, ME). 

Determination of Cytotoxic Antibodies to Gal +/+ 
PBMC in Serum of Gal~ /_ Pigs 

Target cell suspensions (GaT /+ SLA dd PBMC) were di- 
luted to 5X10* cells/mL in medium 199 (Cellgro, Herndon, 
VA) supplemented with 2% fetal calf serum (culture media). 
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Serum samples were serially dilutedin culture media from 1:2 
to 1:2048. The effect of dithiothreitol (DTT; Sigma-Aldrich, 
St Louis, MO) on cytotoxicity was tested by adding DTT to 
the serum at 1:20, 1:40, and 1:80 dilutions. In 96-well U- 
bottom plates (Costar, Cambridge, MA), 25 /xL of the appro- 
priate target cell suspension (Gal +/+ SLA dd PBMC) was in- 
cubated with 25 tiL of diluted serum or controls, for 15 min at 
37°C A second incubation was performed with 25 fiL of di- 
luted rabbit complement, at a predetermined working dilu- 
tion in culture media at 37°C for 30 min. After washing, dead 
cells were identified by trypan blue dye exclusion, until a total 
of 100 cells were counted. The number of dead cells was 
equivalent to the percentage of dead cells present in each welL 

In Vitro Assays for the Determination of T-Cell 
Responses from Gal _/ " Pigs Toward Gal +/+ Pigs 

In MLR and CML assays, PBMC from GaT /_ pigs were 
used as responders (MLR) or effectors (CML), with PBMC 
from three different Gal +/+ SLA dd MHC-matched pigs, 
third-party Gal* /+ SLA", or PBMC from the responder pig 
itself, as stimulators. As controls, PBMC from aGal +/+ SLA dd 
pig were used as responders to the same Gal +/+ SLA dd and 
Gal"'"' SLA dd stimulators. 

Mixed Leukocyte Reaction Assay 

MLR co-cultures were performed as described previ- 
ously (5). Briefly, 100 /xL (4X10 5 cells) of responder PBMC 
were incubated in a flat-bottomed 96-well plate (Costar) with 
100 /xl (4X10 5 cells) of irradiated (2500 cGy) PBMC for 5 
days in humidified air at 37° C, 5% CQ 2 (in triplicate). A total 
of 1 /xCi of [ 3 H] thymidine was added to each well, followed 
by an additional 6-h incubation, and cells were harvested us- 
ing a TomTek harvester (Perkin Elmer Wallac, Gaithersburg, 
MD). [ 3 HJ thymidine incorporation was measured as counts 
per minute (cpm) using the Microbeta liquid-scintillation 
system (Perkin Elmer Wallac Norwalk, CT). 

Cell-Mediated Lympholysis Assay 

Media for CML co-cultures were similar to MLR me- 
dia, exceptfor the use of fetal bovine serum instead of fetal pig 
serum. Media used for the effector phase of CML assays con- 
sisted of Basal Medium Eagle (GIBCO BRL) supplemented 
with 6% serum replacement medium (Sigma-Aldrich). CML 
assays were performed as described previously (5,7). Briefly, 
cultures of lymphocytes containing 4X10 6 responder and 
4X10 6 irradiated (2500 cGy) stimulator PBMCs in 2 mL of 
medium were incubated for 6 days at 37°C in 7% CQ 2 and 
100% humidity. Bulk cultures were harvested, and effector 
cells were tested on a panel of 51 Cr-labeled lymphoblasts gen- 
erated by phytohemagglutinin stimulation. The cytolytic tests 
were run by incubating standard 5X 10 3 target cells with ef- 
fector cells at serially diluted effector/target ratios (100:1, 
50:1, 25:1, and 12.5:1 for 5.5 h). The supernatants were har- 
vested, and 5 ! Cr release was determined on a gamma counter. 
Baseline levels were measured as the rate of spontaneous re- 
lease of 51 Cr from 5X10 3 targets. Maximal lysis was deter- 
mined as the release of 5l Cr from 5X 10 3 targets after incuba- 
tion with 5% NP-40 (United States Biochemical, Cleveland, 
OH). The results were expressed as percentage specific lysis 
(PSL): % specific lysis - [experimental release (cpm) - 
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spontaneous release (cpm) / maximum release (cpm) — 
spontaneous release (cpm)] X 100. 

RESULTS 

Tissues from Gal _/ ~ Miniature Swine Do Not 
Express Gal Epitopes 

None of the tissues stained with IB4 showed expression 
of Gal (Table 1 and Fig. 1), in contrast to tissues from Gal +/+ 
pigs that have been reported previously (2,8$). 

Gal"'" Miniature Swine Produce Anti-Gal 
Antibodies That Are Cytotoxic to Gal +/+ MHC- 
Matched PBMC 

All five Gal _/ " pigs had IgM that bound to Gal +/+ pig 
PBMC (Fig. 2 A), and three of the five also had IgG (Fig. 2B). 
These flow cytometry results were confirmed by ELISA All 
five sera were cytotoxic to GaT /+ PBMC (Fig. 3); the cyto- 
toxicity was lost after treatment of the sera with 1:20 dithio- 
threitol (Sigma-Aldrich) (Fig. 3B), indicating that cytotoxic- 
ity was mediated by I^M-class Ab. There appeared no 
correlation between either the.presence of anti-Gal IgG or the 
extent of cytotoxicity with the age of the Gal _/ " pigs (which 
ranged from 2.8- 4.2 mo) or the duration of stay at our facil- 
ity (which was 22- 62 days) . 




FIGURE 1. ffistologicsectionsofheart(AandE), kidney 
(B and F), lung (C and G), and pancreas (D and H) from 
GaT /_ (A-D) and GaT /+ (E-H) SLA-matched miniature 
swine, stained with IB4. No expression of Gal was detected 
on the Gal~ / ~ tissues. 
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Gal - '"" Pigs Do Not Generate a Cellular Response 
to Gal +/+ SLA-Matched Miniature Swine 

PBMC from Gal~'~ miniature swine (of SLA dd hap- 
lotype) showed no proliferative response (on MLR) (Fig. 
4) and no lytic response (on CML) (Fig. 5) toward SLA- 
matched Gal +/+ PBMC. The reverse was also true: GaT'* 
pigs mounted no cellular response to Gal _/ MHC- 
matched cells (not shown). Both Gal"'" pigs and SLA-matched 
Gal +/+ pigs demonstrated good proliferative and cytolytic 
responses to third- party Gal + ' + SLA 00 stimulators (Figs. 4 
and 5). 

DISCUSSION 

The Gal~'~ miniature swine generated by nuclear . 
transfer/embryo transfer did not express Gal on any of the 
organs or tissues tested. The absence of the expression of 
Gal enabled them to produce anti-Gal Ab, probably in re- 
sponse to colonization of their gastrointestinal tracts by 
microorganisms expressing surface Gal antigens (10). Sim- 
ilar observations have been made in Gal~ /_ mice (11). The 
pig Ab were predominantly IgM, although some IgG was 
also identified; the IgM was cytotoxic to SLA-matched 
GaT' + pig cells. Although the range of age of the pigs was 
small and the duration of their stays at our facility was 
relatively short, we did not find a correlation between ei- 
ther pig age or length of exposure to our institutional en- 
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vironment with the level of anti-Gal IgG or the extent of 
serum cytotoxicity; however, a correlation may have been 
found if the pigs had been maintained to an older age or if 
the duration of stay at our facility had been longer. As the 
Gal~'~ and Gal +/+ miniature swine were of identical SLA 
haplotype, neither generated a cellular immune response 
to the other's cells in vitro. 

In our studies, we could not demonstrate in vitro im- 
munogenicity of the Gal epitope in T-cell responses. How- 
ever, we did not study natural killer cell or macrophage reac- 
tivity. Despite the SLA identity in the pigs we studied, the 
ability of the Gal~'~ pigs to make anti-Gal Ab should en- 
able them to reject a transplanted Gal +/+ pig organ by an 
Ab-mediated mechanism, either hyperacutely or in a de- 
layed manner. Future studies are needed to determine 
whether natural anti-Gal Ab in the Gal _/ ~ pig are able to 
cause hyperacute rejection or whether some form of sen- 
sitization is required. The model of Gal +/+ organ trans- 
plantation into a Gal _/ ~ SLA-matched recipient could be 
an ideal large animal model for the study of accommoda- 
tion or B-cell tolerance. 
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FIGURE 2. Bow cytometry demonstrating binding of IgM (A) and IgG (B) from serum of a Gal / miniature swine to 
PBMC from a Gar /+ SLA-matched miniature swine. Normal pig serum (negative control; dashed line); anti-DD pig serum 
(positive control; thin line); serum from a Gai _/ ~ miniature swine (experimental sample; bold line). This particular Gal 
pig serum contained both anti-Gal IgM (with similar binding to the positive control) and IgG (with less binding than the 
positive control). 
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FIGURE 3. Results of cytotoxicity assay of serafrom five Gal _/ " miniature swine (numbered 1S887, 15588, 15595, 15596, 
and 15597) toward PBMC from a Gar /+ SIA-matched miniature swine. All Gal" /_ sera were cytotoxic to GaT /+ PBMC 
despite their SLA identity (A). Cytotoxicity was lost after treatment of the sera with DTT at a 1 :20 dilution. Shown here is the 
serum of GaP /_ pig 15595; dilutions of DTT at 1:80 and 1:40 demonstrated a titratable decrease in cytotoxicity but an 
incomplete effect (B). NFS, normal pig serum. 
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FIGURE 4. Representative' results of MLR assay after co- 
culture of PBMC from a Gal -/ ~ miniature swine of SLA dd 
haplotype with PBMC from three different Gal +/ " H SLA- 
matched swine (DD-1, DD-2, DD-3) and one SLA-mis- 
matched Gal +/+ swine (CC). The PBMC from the Gal / 
swine demonstrated a normal proliferative (alio) response 
toward PBMC of the SLA CC haplotype (CC) (cpm.33,312 in 
Gal" /_ and 26,371 in Gal"*" /+ swine, respectively, as indi- 
cated above the bars) but no response toward Gal +/_t " 
PBMC of SIA dd haplotype (similar to the self-response). In a 
GaT /+ swine of SLA. haplotype, the MLR responses to the 
different stimulators were similar. 
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FIGURE 5, (A) Representative results of CML assay af- 
ter co-culture of PBMC from a Gal~ /_ miniature swine of 
SLA^ haplotype with PBMC from three different GaT /+ 
SLA-matched swine (DD-1, DD-2, DD-3) and one SLA- 
mismatched Gal 4 " 74 * swine (CC). The PBMC from the 
Gal" 7 " swine demonstrated a normal lytic (alio) re- 
sponse toward PBMC of the SLA CC haplotype (CC), but no 
response toward Gal +/+ PBMC of SLA dd haplotype (sim- 
ilar to the self-response). (B) The CML responses of a 
Gal _/ ~ swine of SLA dd haplotype are similar to those of a 
Gal +/ '*" swine of SLA dd haplotype. PSL, percentage spe- 
cific lysis. 
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Long-term experience with porcine 
aortic valve xenografts 



Between 1971 and 1975. gluturaldehyde-preserved porcine aortic valve xenografts were employed for 
isolated replacement of the mitral valve (MVR) in 243 patients, replacement of the aortic valve (AVR) in 
167 patients, and double valve replacement (AVR and MVR) in 51 patients. Postoperatively, long-term 
anticou gtt lotion was not routinely given. Operative mortality rates for AYR, MVR, and double valve 
groups were 7.8. 6.0. and 11.8 per cent, respectively: the majority of early postoperative deaths were 
associated with concomitant coronary orrery disease. No death was attributable to xenograft dysfunction. 
Follow-up of all patients was obtained. The total duration of follow-up for the MVR group was 347 
patient-years, for the AVR group 148 patient-years, and for double valve replacement 37 patient-years; 
maximum follow-up for these three groups was 4.4, 4.0. and 2.4 years, respectively. Actuarial analysis of 
postoperative survival rates at a common interval of 3 years showed 78 per cent for MVR patients. 91 per 
cent for AVR patients, and 80 per cent (projected) for patients with double voire replacement (85, 96, 
and 91 per cent for operative survivors, respectively. At this same interval 92 per cent of MVR patients, 
99 per cent of AVR patients, and 96 per cent (projected) of patients with double valve replacement were 
free of thromboembolic episodes. Altogether, 12 of the total 512 valves implanted exiiibited some evidence 
of dysfunction during the entire period of follow-up evaluation, but in only 2 instances (both mitral) was 
intrinsic pathological involvement of the xenograft tissue documented. Actuarial analysis of xenograft 
dysfunction at a common interval of 3 years after operation showed 95 per cent of MVR patients. 9S per 
cent of AVR patients, and 97 per cent (projected) of patients with double valve replacement to be free of 
this complication. These data support the use of glutaraldehyde-preserved porcine xenografts as superior 
bioprostheses that pose a low risk of thromboembolism without anticoagulation. The over-all durability of 
such valves, within the restriction of a maximum current follow-up interval of 4.4 years, appears 
comparable to that of currently available mechanical prostheses and justifies continued clinical use, 

Edward B. Stinson, M.D.* (by invitation), Randall B. Griepp, M.D. (by invitation), 
Philip E. Oyer, M.D. (by invitation), and Norman E. Shumway, M.D., 
Stanford, Calif. 
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replacement of heart valves with bioprostheses con- 
structed of "fresh" aortic allografts was initiated at 
Stanford University Medical Center in 1967 because of 
dissatisfaction with the thromboembolic complications 
of mechanical valve substitutes then currently avail- 
able. 1 * 2 Subsequent analysis has documented that such 
allografts are associated with an acceptably low rate of 
thromboembolism without long-term anticoagulation, 3 
but the stability of allograft tissue for either mitral or 
aortic valve replacement has not proved satisfactory. 

From the Department of Cardiovascular Surgery, Stanford University 
Medical Center, Stanford, Calif. 94305. 

Address for reprints: Edward B. Stinson. M.D., Department of Car- 
diovascular Surgery, Stanford University Medical Center, Stan- 
ford, Calif. 94305. 

* Established Investigator. American Heart Association. 



Five years postoperatively only 40 per cent of patients 
undergoing mitral valve replacement (MVR) and 49 
per cent of patients undergoing aortic valve replace- 
ment (AVR) have failed to exhibit clinical and/ or 
pathological evidence of allograft dysfunction of some 
degree. 4 In most patients who have required reopera- 
tion, leaflet degeneration consistent with nonspecific 
biodegradation has been noted. 3 

We discontinued use of this type of bioprosthesis in 
1971 because of the prohibitively high cumulative rate 
of allograft dysfunction. During the same year we 
began to utilize another type of composite tissue pros- 
thesis, the glutaraldehyde-preserved porcine aortic 
valve xenograft.* Experience with this valve substitute 
had shown that short-term clinical results and valvular 

*Hancock Laboratories. Inc., Anaheim, Calif. 
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hy draulic function were satisfactory. 5 During the ensu- 
ing 4 years porcine xenografts were employed for re- 
placement of mitral and/or aortic valves in 461 patients 
at this center. The purpose of the present report is to 
summarize the laic postoperative results and to focus 
Particularly upon long-term durability of this biopros- 
ihesis. 

patients and methods 

All patients undergoing MVR and/or AVR with 
porcine xenografts through July, 1975, are included. 
For purposes of analysis they are grouped according to 
rhe valve(s) replaced, regardless of concomitant opera- 
t -c procedures. Patients undergoing double valve re- 
placement with mixed prostheses (e.g., MVR with a 
xenograft and AVR with a Starr-Edwards, prosthesis*) 
were excluded from consideration. Selected clinical 
characteristics of the 243 patients with MVR, 167 pa- 
tients with AVR, and 51 patients with MVR and AVR 
are summarized in Table I. Combined procedures such 
as aorta-coronary bypass grafting, replacement or 
adenine of the ascending aorta, or left ventricular re- 
section were performed in 31 per cent of MVR cases, 
43 per cent of AVR cases, and 3 1 per cent of double 
valve cases (Table II). It should be noted that during 
the initial portion of this experience xenograft valves 
were chosen for implantation primarily in patients in 
whom long-term anticoagulation was contraindicated; 
subsequently, as experience with this bioprosthesis ac- 
cumulated, its use was extended to all patients undergo- 
ing valve replacement. Thus not all patients in whom 
valve replacement was performed at this center during 
the time period covered are incorporated; however, pa- 
tients who received xenograft valves did not constitute 
a significantly select group in terms of clinical charac- 
teristics, cause of cardiac disease, or hemodynamic 
state. 

Operative methods and anticoagulation. Standard 
techniques for cardiopulmonary bypass, employing a 
bubble-type oxygenator, were used. All operations 
were performed through a median sternotomy. Aortic 
cross-clamp times for MVR, AVR, and double valve 
replacement averaged 43, 56, and 93 minutes, respec- 
tively. During periods of cross-clamping, local myo- 
cardial hypothermia was induced by continuous irri- 
gation of the pericardial sac and intermittentlavage of 
the left ventricle with cold saline at 3 to 4° C. 6 The 
commonest valve sizes utilized were 31 mm. (outside 
diameter) for MVR and 25 mm. for AVR. 

Oral anticoagulation with warfarin sodium in stan- 

. * Edwards Laboratories, Inc.. Santa Ana, Calif. 



Table I. Clinical characteristics of patients 









MVR 




MVR 


AVR 


+AVR 


Number 


243 




51 


Sex 

Women 
Men 


150 
93 


42 
125 


27 
24 


Age (yr.) 
Average 
Range 

N.Y.H.A. 
Class I 
Class II 
Class HI 
Class IV 


54 
7-74 

3 

31 
159 
50 


58 
15-84 

6 
53 
90 

18 


56 
20-77 

0 
10 
34 
7 



Table II. Combined procedures during xenograft 









MVR 


Procedure 


MVR 


AVR 


+AVR 



Coronary bypass grafting 
Ascending aortic graft 
Septal myectomy 
Aortic valvuloplasty 
Mitral valvuloplasty 
Tricuspid valvuloplasty 
LV resection/plication 
ASD repair 
VSD repair 



3S 
0 
1 

10 

0 
IS 

7 
10 

2 



43 
18 
4 
0 
3 
0 
0 
2 
1 



7 
5 
0 
0 
0 
3 
0 
1 
0 



Legend: LV, Lcfi ventricle. ASD, Atrial septal defect. VSD. Ventricular 
septal defect. 

dard dosages was prescribed early postoperatively for 
approximately one third of the patients having either 
MVR or double valve replacement and for those AVR 
patients in whom concomitant aorta-coronary bypass 
grafting had been performed. Subsequently, anticoagu- 
lation was discontinued 6 to 8 weeks postoperatively, 
except at the discretion of the referring physician or in 
cases of intercurrent thromboembolism. On this basis, 
34 patients who underwent MVR remain on a regimen 
of long-term- anticoagulation (25 in atrial fibrillation), 
as well as 7 patients with AVR and 4 patients with double 
valve replacement. 

Postoperative evaluation. Current evaluation of all 
surviving patients was obtained during a 4 month clos- 
ing interval (July to October, 1975) by examination at 
this center or by contact with the patient's physician. 
Functional classification was assigned on the basis of 
current symptoms according to New York Heart As- 
sociation criteria (1964). 
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2 3 
YEARS POSTOP 

Fig. 1. Postoperative survival, calculated by the actuarial 
method, for all patients undergoing mitral valve replacement 
with a xenograft. Operative mortality rate is included. The 
terminal, dashed portion of the survival curve represents an 
interval during which no event (i.e., death) occurred. 

Xenograft dysfunction was diagnosed on the basis of 
several criteria: (1) confirmed hydraulic dysfunction 
sufficient to require reoperation, (2) the postoperative 
development of a new murmur characteristic of valvu- 
lar regurgitation (aortic or mitral), unless proved by 
angiocardiography to represent solely a periprosthetic 
leak without any central component involving the 
xenograft leaflets, or (3) endocarditis resulting in death 
or reoperation. The second criterion is considered 
necessary inasmuch as a. newly developed regurgitant 
murmur after tissue valve replacement cannot reliably 
be distinguished clinically as representing perivalvular 
versus transvalvular insufficiency, in contrast to ex- 
perience with most mechanical valve substitutes. 

Thromboembolic events were categorically diag- 
nosed on the basis of any new neurologic deficit, 
whether transient or permanent, or other peripheral 
arterial embolic episode. Only cerebrovascular acci-" 
dents proved by postmortem examination not to have 
resulted from emboli were excluded from classification 
as emboli. Patients were considered at risk for throm- 
boembolism throughout the current period of follow-up 
or until death or reoperation. 

The total duration of follow-up for patients with 
MVR was 347 patient-years (summation of all indi- 
vidual follow-up intervals, whether to death or current 
evaluation); the average follow-up interval for surviv- 
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Fig. 2. Postoperative survival for all patients undergoing aor- 
tic valve replacement with a xenograft. The terminal, dashed 
portion of the survival curve represents an interval during 
which no event (i.e., death) occurred. 



ing patients was 1.6 years (range 1 month to 4.4 years). 
For patients with AVR the total follow-up analysis in- 
cluded 148 patient-years (average for surviving patients 
1.0 year, range 1 month to 4.0 years), and for patients 
with MVR and AVR the total duration of follow-up 
was 37 patient-years (average follow-up for surviving 
patients 0.9 year, range 1 month to 2.4 years). 

The total duration of follow-up in patient-years for 
each of the three groups was used as a denominator for 
calculation of linearized rates of specific events such as 
thromboembolism or xenograft dysfunction. The total 
number of such events was divided by the total number 
of patient-years of follow-up and multiplied by 100 to 
express average risk as per cent per patient-year. Alter- 
nately, this calculation may be expressed as number of 
events per 100 patient-years. Although this method of 
risk calculation provides a realistic approximation of 
statistical probability for some events, it may overesti- 
mate individual risk for some complications, such as 
thromboembolism, either because of multiple events 
sustained by a single patient or because of * 4 clustering" 
during the early postoperative period in a patient group 
with limited duration of follow-up. Rates of complica- 
tions and survival, therefore, were also calculated by 
the actuarial method that provides an estimate of die 
per cent of the total patient group free of or affected by 
an event over time. This implies withdrawal of a pa- 
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tient from further consideration after an initial event 
such as thromboembolism (or after the available 
follow-up interval). Actuarial curves were also used to 
assess the impact of a single variable after a group of 
p-tients under consideration had been dichotomized on 
iU- basis of this variable. A two-tailed significance 
level was assigned to the p values thus obtained. 

Results 

Operative mortality rates. Over-all operative mor- 
tality rates (before hospital discharge) for MVR, AVR, 
and double valve groups were 7.8, 6.0, and 11.8 per 
c mU, respectively. No death was attributable to xeno- 
graft dysfunction. Approximately 60 per cent of all 
early postoperative deaths were due to myocardial fail- 
ure (two secondary to myocardial infarction) and the 
remainder to diverse causes such as sepsis, renal 
failure, cerebrovascular accidents, or complications 
categorized as technical (ruptured hematoma of the 
posterior atrioventricular groove after MVR in 2 pa- 
tents and delayed rupture of an aortic pericardial gus- 
set in one patient). 

Late postoperative survival. Long-term postopera- 
tive survival rates for the MVR and the AVR groups 
are illustrated by the actuarial curves shown in Figs. 1 
and 2. In the former group the survival rate for all 
patients 4.4 years postoperatively (maximum follow-up 
interval) was 78 (±3.8) per cent; for operative sur- 
vivors, it was 85 (±3.8) per cent. Seventeen of the 21 
late deaths (8 1 per cent) were cardiac in origin. Most of 
these were due to congestive heart failure or myocar- 
dial infarction; three were sudden and unexplained. No 
patient died of diagnosed arterial embolization, but one 
patient who was receiving oral anticoagulation died of 
intracerebral hemorrhage. One late death was indirectly 
related to xenograft failure (to be discussed); in this 
instance, reoperation for a periprosthetic leak that had 
developed after previous reoperation for idiopathic per- 
foration of a xenograft leaflet was unsuccessful. The 
remaining late deaths were due to causes unrelated to 
cardiac or xenograft function. 

MVR patients with associated coronary artery dis- 
ease accounted for a substantial portion of both early 
and late deaths. For example, in 54 patients the diag- 
nosis of coronary artery disease was established by 
coronary angiography, electrocardiographic evidence 
of previous myocardial infarction, or postmortem 
examination within one year after operation. Operative 
mortality rate in this total group was 18.5 per cent, and 
the survival rate at 2 years was only 56 (±7.8) per cent. 
. Patients undergoing simultaneous coronary artery by- 
pass grafting for angiographically defined coronary 
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artery lesions fared similarly. In contrast, patients with 
mitral valve dysfunction not associated with overt 
coronary artery disease (189 patients) sustained an 
operative mortality rate of 4.2 per cent and exhibited a 
3 year surv ival rate of 87 (±3.0) per cent (91 ± 3.3 
per cent for operative survivors). These differences in 
survival between patients with and without associat- 
ed coronary artery disease were highly significant 
(p < 0.001). 

Late postoperative survival after xenograft AVR, il- 
lustrated in Fig. 2, was 90-6 (±2.3) per cent at 3 years. 
Postoperative follow-up in this group extends to a 
maximum of 4 years, but one late death at 3.2 years is 
not graphed because of an excessive standard error 
(±32 per cent) that precludes meaningful analysis at 
this interval. Discharged patients exhibited a survival 
rate of 96 (±1.6) per cent at 3 years. Three of the six 
late postoperative deaths were due to congestive heart 
failure and one to myocardial infarction; one was 
caused by endocarditis (to be discussed) and one by 
pulmonary embolism. Despite the small number of late 
deaths after AVR available for analysis, correlation of 
over-all survival with specific etiologic diagnoses re- 
vealed that the survival rate for patients with pure aortic 
regurgitation secondary to degenerative connective tis- 
sue disorders or obscure causes (e.g., mucinous degen- 
eration with valvular prolapse) (18 cases) was sig- 
nificantly inferior to that of the remaining patients . 

Comparison of patients with coronary artery disease 
documented by angiography preoperatively (47 cases) 
with those in whom significant coronary narrowing was 
proved absent by arteriography (61 cases) showed a 
higher operative mortality rate for the former group 
(8.5 versus 3.3 per cent) but equal numbers of late 
deaths (two in each group); because of the small total 
number of lethal events, however, the difference in 
over-all survival was not statistically significant. 
Nevertheless, the survival rate of patients with angio- 
graphically demonstrated coronary artery disease who 
underwent coronary bypass grafting simultaneously 
with AVR (37 cases) was slightly superior to that of 
patients in whom coronary bypass grafting was omitted 
(10 cases) (p = 0.07, two-tailed analysis). 

Three late postoperative deaths have occurred after 
double valve replacement. One was due to congestive 
heart failure and the other two to noncardiac causes. 
Maximum follow-up in this group is limited to 2.4 
years. The survival rate at 2 years for all patients was 
80 (±6.3) per cent and that for discharged patients was 
91 (±5.3) per cent. Patients with associated coronary 
artery disease had over-all inferior survival rates, but 
too few patients underwent simultaneous coronary 
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Table III. Causes of diagnosed xenograft dysfunction 
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bypass grafting to assess the influence of this combined 
procedure. 

Xenograft dysfunction. A diagnosis of xenograft 
dysfunction was established for 12 of the total 512 
valves implanted in the 461 patients, eight in the MVR 
group, 3 in the AVR group, and one (aortic) in a pa- 
tient who had undergone double valve replacement. As 
summarized in Table III, the basis for diagnosis of 
dysfunction was a murmur of valvular regurgitation in 
8 of these instances; in 6 this was detected within the 
first 3 postoperative months. In the remaining 2 pa- 
tients murmurs were first noted more than one year 
after MVR: One of these patients remains asymptom- 
atic and the cause of valvular regurgitation has not been 
determined. The other patient required subsequent 
reoperation, and a 5 mm. perforation near the leading 
edge of one of the xenograft leaflets was found; no 
cause for this defect could be defined by microscopic 
examination. The other leaflets of this xenograft valve 
had no abnormalities. 

In 2 patients, documented xenograft stenosis suf- 
ficiently severe to require reoperation constituted the 
basis for diagnosis of valvular dysfunction. One valve, 
a 23 mm. (outside diameter) aortic prosthesis, showed 
no intrinsic abnormality. In the other case, however, 
tissue overgrowth of the atrial aspect of a 27 mm. mi- 
tral substitute had rendered the xenograft leaflets im- 
mobile. 

The remaining 2 instances of xenograft dysfunction 
were due to endocarditis (one mitral, one aortic). Both 
patients underwent reoperation that was unsuccessful. 

Thus two of the total 12 valves categorized as dys- 
functional in this anaylsis have been documented as 
presenting features of primary involvement of xeno- 
graft tissue (both in the mitral location). In the remain- 
der, the cause of dysfunction remains unknown or was 
secondary to infective lesions. A total of five reopera- 
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tions were performed because of intrinsic or infective 
valve dysfunction. 

Actuarial analysis of these data indicates that up 
through the maximum periods of follow-up 95 per cent 
of patients with MVR, 98 per cent of patients with 
AVR, and 97 per cent of patients with double valve 
replacement are free of evidence of xenograft dysfunc- 
tion. Linearized rates of valve dysfunction for these 
three groups arc 2.3, 2.0, and 2.7 per cent per patient- 
year, respectively. 

Thromboembolism. Seventeen patients undergoing 
MVR sustained a total of 18 postoperative cerebral or 
peripheral vascular events categorized as emboli — a 
linearized thromboembolism rate of 5.2 per cent per 
patient-year. Actuarial analysis indicates 92 (±2.0) per 
cent of patients to be free of emboli throughout the 
period of follow-up (4.4 years). There was no sig- 
nificant difference in the time-related incidence of 
thromboembolism in patients dichotomized on the 
basis of preoperative or current cardiac rhythm (i.e.. 
sinus rhythm versus atrial fibrillation). Similarly, 
long-term anticoagulation conferred no detectable pro- 
tection against emboli. It is noteworthy, however, that 
76 per cent of all diagnosed emboli occurred within 2 
months of operation. 

In the AVR group three embolic episodes were diag- 
nosed (3 patients), two within the first postoperative 
month. The linearized rate of thromboembolism is thus 
2.0 per cent per patient- year, and 99 (±0.8) per cent of 
patients are predicted to be free of emboli throughout 3 
years of follow-up . The third neurologic event occurred 
subsequent to 3 years postoperatively and is not incor- 
porated into this actuarial calculation because of a stan- 
dard error of ±27 per cent associated with the cohort at 
this interval. 

Two embolic episodes were diagnosed in 2 patients 
undergoing double valve replacement, both within the 
first postoperative month. These two events yield a 
linearized thromboembolism rate of 5.4 per cent per 
patient-year and an actuarially predicted embolus-free 
proportion of 96 (±2.9) per cent throughout the period 
of follow-up. 

Current status. Currently, 91, 96, and 93 per cent 
of patients discharged after MVR, AVR, and double 
valve replacement, respectively, are living. The major- 
ity enjoy greatly improved physical capacity as com- 
pared to preoperative disability. Sixty-four per cent of 
MVR patients, 67 per cent of AVR patients, and 57 per 
cent of MVR plus AVR patients are categorized in 
Functional Class I. Nearly all of the remaining patients 
are in Functional Class II; only 10 of the total 396 
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surviving patients reiain Functional Class III or IV dis- 
ability- 
Discussion 

Various types of tissue for fabrication of heart valve 
substitutes have been evaluated by many investigators 
over the past several years. 7 ' 13 A primary stimulus for 
the development and testing of bioprostheses has been 
dissatisfaction with the combined risks-of thromboem- 
bolism and oral anticoagulation that are associated with 
mechanical prostheses. For example, analysis of our 
institutional experience has shown the linearized 
thromboembolism rate for mitral valve replacement 
with the Starr-Edwards Model 6120 valve (515 pa- 
tients) to be 10.9 per cent per patient-year and for aortic 
valve replacement with Models 1200 or 1260 (639 pa- 
tients) to be 6.0 per cent per patient-year (there was no 
significant difference in this regard between the latter 
two aortic prostheses). Furthermore, in the same pa- 
tient eroups the linearized morbidity rate for long-term 
::-,ticoagulation (hemorrhagic episode) was 5.5 per cent 
per patient-year after mitral valve replacement and 5.1 
per cent per patient-year after aortic valve replacement; 
linearized mortality rates associated with oral an- 
ticoagulation were 0.9 per cent per patient-year and 0.7 
per cent per patient-year, respectively. It is recognized 
that morbidity and mortality rates reflecting the risk of 
long-term anticoagulation are influenced importantly 
t-v the quality of anticoagulation control, but informa- 
tion regarding such is not available for our experience. 
It is furthermore recognized that subsequent design 
changes in mechanical prostheses have resulted m 
thromboembolism rates that are generally reported to 
' be significant^ reduced, as compared to the valve 
'models just described. 14 " 16 A continuing need for in- 
definite oral anticoagulation, however, has been main- 
tained. 

: To varying degrees the objective of achieving de- 
creased thrombogenicity with valves of biological on- 
■ gin has been realized. An important disadvantage of 
many such bioprostheses, however, exposed only after 
long-term observation and evaluation, has been limited 
durability. Valves fabricated of undifferentiated au- 
tologous or homologous tissue such as untreated 
pericardium 17 or fascia lata 12 have exhibited prohibi- 
tively high failure rates. Allograft aortic valves pro- 
cessed by chemical sterilization or preservation 
techniques that cause total loss of cell viability have 
shown high rates of pathological deterioration over the 
first few years after implantation. ,8 - 20 The use of 
"fresh" allograft aortic valves at this institution was 



predicated in part upon the theoretical expectation that 
viability of cells in the allograft leaflets would contrib- 
ute to maintenance of structural valve integrity. As 
noted previously, however, the late postoperative re- 
sults of this experience have failed to substantiate sta- 
bility of this type of bioprosthesis: 5 years after implan- 
tation 60 per cent of patients undergoing MVR and 51 
per cent of patients undergoing AVR have exhibited 
some evidence of allograft dysfunction.- 1 Because of 
these prohibitively high dysfunction rates, use of aortic 
valve allografts was discontinued. 

An alternate approach to achieving long-term biosta- 
bility of tissue valves has consisted of preoperative 
treatment with aldehyde agents to cross-link collagen 
molecules and thus render the major tissue components 
biostable. Evaluation of xenograft aortic valves treated 
by formaldehyde solutions, however, has shown that 
leaflet tissue preserved by this technique is biodegrad- 
able and thus the rates of valve failure are high. 

More encouraging clinical results have been ob- 
tained with glutaraldehyde preservation of porcine 
xenograft valves. 5 - **• 23 The intermodular bonds 
generated by this agent appear to be biostable, and 
longterm flexibility of the leaflets is maintained. An 
additional theoretical advantage of the glutaral- 
dehyde-preserved porcine xenograft utilized m our 
experience is flexibility of the trieornute stent, a 
feature that has been demonstrated in vitro to reduce 
maximum tissue stress at the leading edges of the valve 
cusps under loading conditions 5 : Whether this poten- 
tially advantageous property of the valve in fact con- 
tributes to functional valve longevity is presently 

unknown. . 

Our 22 early experience with this type of bioprosthesis 
for MVR produced satisfactory clinical results in terms 
of restoration of physical capacity and an acceptably 
low rate of thromboembolism without long-term an- 
ticoagulation. The present analysis of the results of 
both MVR and AVR, incorporating longer periods of 
postoperative evaluation extending to nearly 4.5 years 
after mitral valve substitution, confirms these earlier 
observations,. Throughout the intervals of follow-up 
available, 92 per cent of MVR patients, 99 per cent of 
AVR patients, and 96 per cent of patients undergoing 
double valve replacement remain free of thromboem- 
bolic episodes. Only a small minority of patients have 
been maintained on a regimen of oral anticoagulation 
: for individual reasons at the discretion of the patient's 
i private physician. In the case of MVR, calculation of 
! the time-related incidence of thromboembolism slightly 
exceeds that reported by Bonchek and Starr 14 for 
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cloth-covered mechanical prostheses ( 1 .9 per cent per 
patient-year, 97 per cent embolism-free rate at 5 years); 
indefinite oral anticoagulation, however, is required for 
the latter valves, and the attendant risks must be taken 
into consideration in over-all comparative analysis. 

The low over-all incidence of xenograft valve dys- 
function revealed by this evaluation of 512 valves in 
461 patients justifies, we believe, characterization of 
this bioprosthesis as superior to biological valve substi- 
tutes previously used widely. Altogether. 12 instances 
of xenograft dysfunction were diagnosed, including 
insufficiency murmurs of unknown cause, endocarditis 
resulting in death or reoperation, intrinsic valve 
stenosis requiring reoperation, and tissue deterioration. 
In only 2 instances, however, was intrinsic degenera- 
tion of xenograft leaflets documented. In one case this 
resulted from tissue overgrowth of the inlet orifice of a 
mitral substitute, and in the other it consisted of 
idiopathic perforation of a single xenograft leaflet. 

Indeed, the stability of xenograft structure and func- 
tion would appear comparable to that of currently 
available mechanical prostheses, if all causes of valvu- 
lar instability are taken into account. Maximum 
follow-up evaluation of xenograft valves now extends 
to nearly 5 years, and, within the constraints of this 
interval, such valves appear sufficiently biostable to 
warrant their continued clinical use. 
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Discussion 

DR. ALBERT STARR 

Portland. Ore. 

Dr. Stinson was kind enough to write to me before this 
meeting so that 1 could have some slides prepared which 
would be similar, to some extent, in comparing the results 
with The heterograft prosthesis to results with the non-c loth- 
covered and the cloth-covered ball valves. 

The figures that I have taken For the xenograft were from 
ihe abstract and are not exactly the same as those presented in 
the paper, but. they are quite close. For mitral valve replace- 
ment with the xenograft, the 3 year actuarial survival rate was 
85 per cent: in our own series, this raw was 8S per cent for the 
non-cloth-covered valve and 86 per cent for the cloth- 
covered valve. At 6 years, there is no information concerning 
the xenograft the 6 year survival with the non-cloth- covered 
ball-valve prosthesis was 78 per cent, and with the cloth- 
covered valve, 72 per cent. At 10 years, we have information 
only for the non-cloth-covered valve, the actuarial survival 
rate being 61 per cent. 

If one considers the thromboembolism rate, the xenograft 
actually provides no significant improvement over the non- 
cloth-covered valve, and it is not quite as athrombogenic as 
the cloth-covered valve for mitral valve replacement in an- 
ticoagulated patients. The incidence of thromboembolism 
with the xenograft was approximately 5 per cent per year, 
versus 6 per cent per year for the non-cloth-covered valve in 
the mitral position and 3 per cent per year for the cloth- 
covered valve in the mitral position. Again, I stress that pa- 
tients with these ball valves have had long-term anticoagulant 
treatment. 

For aortic valve replacement, the embolic rate is 2 per cent 
per year for the xenograft and 1 .6 per cent per year for cloth- 
covered aortic valve with anticoagulants. There is no statisti- 
cally significant difference. 

*• Admittedly, this comparison will not be completely fair, 
since the follow-up is so short for the xenograft. There may 
be clustering of early embolic complications in the first year 

% '■ of follow-up, which would tend to skew the inFormaiion 

^ against the xenograft prosthesis. 

With the track valves, however, the longest and mean 
follow-up is the same as with the xenograft, and this series is 
more comparable. We can see no significant difference in the 
results in terms of survival and embolic incidence at the end 
of 3 years with anticoagulant therapy. For example, the 3 
year survival rate with the mitral xenograft is 85 per cent and 
with the track valve in the mitral position, 89 per cent. 
Ninety-two per cent of patients with the mitral xenograft were 
free of embolism, versus 89 per cent of those with the mitral 
track valve (figures determined actuarially). 
With regard to survival, following aortic valve replace- 



ment, the results arc the same: 96 per cent versus 97 per cent. 
The embolism-free rate at 3 years was 99 per cent versus 97 
per cent. 

On the basis of this information, we continue to use both 
the cloth-covered valve in the track configuration and the 
non-cloth-covered valve. We use the heterograft prosthesis in 
cases in which anticoagulation is not possible. We all will 
surely follow, with great interest, the longer term results in 
Dr. Slinson's series of patients to sec what the truly late 
complication rate will be. 

OR. ALAIN CARPENTIER 

Paris. Franc? 

I would like to congratulate Dr. Stinson on his excellent 
and well documented presentation. Dr. Shumway's group at 
Stanford has been pioneering in tissue valves for a long time, 
and any statement from this group deserves particular alien- 
tion. 

I shall limit my comments to the major problem raised by 
the xenograft valve, which is its durability. Since we intro- 
duced the use of glutaraldehyde for xenograft preservation in 
1968. we now have an 8 year follow-up. In a first period of 
clinical investigation ( 1968 to 1970), we used two methods of 
Glutaraldehyde" preservation: buffered glutaraldehyde 1 per 
cent in the first 1 1 patients and glutaraldehyde 0.6 per cent 
plus sodium metaperiodate in a following scries of 91 pa- 
tients. Because the incidence of valve failure was higher in 
the metaperiodate glutaraldehyde group, we subsequently 
used buffered glutaraldehyde without metaperiodate. Valve 
failures in both groups were of three types: infection, cal- 
cification, and tissue perforation or tears. The third complica- 
tion was the result of either localized inflammatory reaction 
or fatigue lesions. 

[Slide] This slide shows an example of calcification one 
year after implantation in the pulmonary position. 

[Slide] This slide shows a valve perforation due to fatigue 

lesions at 6 years. 

It should be emphasized that most of these failures oc- 
curred in valves prepared in our research laboratory before 
the valve became commercially available. The incidence of 
valve failure has been reduced in the past 4 years by using 
valves prepared on a large scale by better manufacturing 
facilities with superior quality control. 

The main concern remains the tissue fatigue lesions. On a 
specimen removed at 6 years, despite excellent hemodynamic 
function, we found areas of collagen degeneration and elastic 
fiber fragmentation. The .tissue was slightly thinner than be- 
fore implantation. On the other hand, the cusp surface was 
covered by host fibrous tissue. This process of encapsulation 
is different from that of host cell ingrowth seen in valvular 
grafts, since there is no cell penetration into the tissue. This 
process could be of critical importance for the long-term 
durability of these bioprostheses as the valve structure is itself 
reinforced. 

Thus at least four factors may play a role in the long-term 
durability of a bioprosthesis: tissue preservation, use of a 
flexible stent, valve selection and mounting, and the process 
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of encapsulation. Wo can influence these factors, and wc are 
continuous!) ul work to do so. However, wc must remember 
thai, owing to the nature of the bioprosthesis itself, progres- 
sive fatigue alteration of the valve tissue is inevitable. 

The currently available models should last 10 years, with a 
[5 to 20 per cent incidence of valve failure. This represents a 
significant advance as compared lo the 50 per cent failure rate 
at 2 years with our first method of preservation with a mercu- 
rial salt (1965 to 1966) and the 50 per cent failure rate at 4.5 
years with the formalin-treated grafts (1%6 to 1968). As 
confirmed by Dr. Sanson, valvular xenografts are now com- 
petitive with mechanical valves. My present feeling is that 
xenograft valves complement mechanical valves, giving the 
patient and his physician the choice between an improved 
quality of life with a bioprosthesis versus a lower risk of 
reoperation with a mechanical valve. 

DR. VINCENT GALLUCCI 

Padua* Itaty 

At the University of Padua Medical School. 550 patients 
have had one or more cardiac valves replaced with the Han- 
cock xenograft by one of two surgical groups. This xenograft 
was placed in the mitral or aortic position, or both, in some 
patients and. in the tricuspid position in others. I want to give 
a brief report on our results up to December. 1 975. as they are 
a bit different from those described by Dr. Carpentier with 
regard to durability. 

Wc started about 7 years ago with the first small series of 
formal in- treated xenografts . The glutaraldehyde- preserved 
valve, which has remained unchanged since November. 
1969, has been used for the past 6 years. 

In March, 1969, we began implanting 40 formalin-fixed 
porcine bioprostheses. most of them in the mitral position. 
The great majority of these failed and had to be replaced, 
although 5 of them are still functioning well, which is 
difficult to understand indeed. It is common knowledge that 
formalin- fixed tissue valves gave very unsatisfactory results 
universally. 

Our two surgical groups implanted glutaraldehyde- pro- 
cessed Hancock xenografts in 441 patients up to the end of 
1975. 

[Slide] This slide shows an actuarial survival curve for 
mitral valve replacement, which also comprises the hospital 
mortality rate. It seems to me very significant that, from the 
first year on, the curve is on a straight horizontal line for the 
next 5V2 years. 

[Slide] This table summarizes the late complications. In 
387 patients there were 6 episodes of thromboembolism, 2 
cases of prosthesis failure, 3 of endocarditis, and one case of 
mitral valve restenosis. 

[Slide] Here is a functional classification of the long- term 
survivors with Hancock xenografts in the mitral position. 
Their present status seems to be quite good, as confirmed by 
several hemodynamic controls. Most of the patients changed 
from N.Y.H.A. Classes III and IV to Classes I and II. 

In conclusion, 2 years ago, in discussing Dr. Carpentier' s 
paper at the Association meeting, I stated that our policy was 



to use xenograft valves in selected cases only, mainly in 
voung women still willing to bear children or in those patients 
not suitable for anticoagulant therapy. 

At the present lime, because of our long-term clinical re- 
sults and of the extremely low incidence of thromboembolism 
and valve dysfunction. I believe it justified lo say thai the 
glutaraldehyde -preserved Hancock xenograft has passed ilv 
test of lime. We recommend it lor just about any patient. 

DR. SIDNEY LHVITSKV 

Chicago, HI. 

I rise lo report a complication of the Hancock porcine 
prosthesis that may be a forerunner of future problems. A 
porcine valve was removed from a 9- > ear-old child ul the 
University of Illinois Medical Center. The patient hud haJ 
mural valve replacement in March. 1973. for severe miir;:; 
insufficiency after having undergone a mitral valvuloplasty s* 
months previously b\ another surgical group. The child was 
recarheteri/.ed on a routine basis 12 months following valve 
replacement with the porcine prosthesis. All resting pressures 
were normal, and angiography revealed a normal, function- 
ing valve. 

Seventeen months postoperatively, the patient became 
symptomatic. A second postoperative catheterization at l<J 
months revealed severe mitral stenosis and prompted reopera- 
tion. 

Examination of the valve thai was removed revealed that 
all the cusps were stiff: there were areas of calcification on 
both the atrial and ventricular surfaces. Histologic sections 
were reviewed by Dr. William Roberts at the National Insti- 
tutes of Health and by Dr. Maurice Lev of Chicago, who 
agreed that there was evidence of a wearing or aging 
phenomena involving the valve and contributing to its degen- 
eration. There was no evidence of rejection or endocarditis. 

At the present time, we do not understand (and perhaps Dr. 
Stinson can answer this for us) why this patient's valve un- 
derwent accelerated degeneration when none of our other 
patients over the past 4 years have exhibited this phenome- 
non. Moreover, I am concerned that as we accumulate more 
lengthy experience, this problem may be the rule rather than 
the exception. 

Nevertheless, with the present state of the an of prosthetic 
valve production, the Hancock porcine valve prosthesis cur- 
rently remains our first- line valve, 

DR. STINSON(C/o5f/^ 

I appreciate very much Dr. Starr's clear and detailed com- 
ments. Inter-institutional comparisons are dangerous, at best, 
but nevertheless must be based upon at least similar statistical 
methods of calculation. He has described basically no sig- 
nificant differences within the constraints of the follow-up 
intervals available for survival and for the risk of throm- 
boembolism, the exception being that the mechanical pros- 
thesis does require long-term anticoagulation. This factor 
must be taken into account in any long-term comparative 
analysis of clinical utility. 

For instance, in our evaluation of the long-term results with 
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a bout 1 .2(»0 patients, contributing nearly 5,000 patient- years 
for analysis, who had undergone replacement with the Starr- 
Edwards Model 6120. 1200, or 1260 valves, 1 analyzed mor- 
bidity and mortality rates for anticoagulation. The average 
morbidity rate was 5.3 per cent per patient-year, that is, tor 
an cniorrhagic episode. The mortality rate averaged 0.8 per 
ecu- per patient-year. This consideration must be taken into 
account in comparative analysis. 

Dr. Starr was also correct in emphasizing that the cluster- 
inn of events during an early portion of the follow-up interval 
is "a restrictive factor in utilizing linearized rates of throm- 
boembolism, or any other such event, in patients with a 
limited duration of follow-up. 

Or. Carpentier is recognized to be a pioneer in this field. It 



was quite appropriate lor him to emphasize differences in the 
types of chemical treatment of tissue for long-term implanta- 
tion. Biochemically, there is a gross difference between a 
process that incorporates a previous oxidation step with 
sodium melaperiodate and one which does not, before treat- 
ment with glutaraldehydc. His word of caution regarding the 
long-term outlook is appropriate. 1 cannot respond to his 
comments on the basis of our data, inasmuch as two valve 
failures in a total experience of 532 patient-years simply do 
not provide a meaningful data base for long-term extrapola- 
tion. . 

Dr. Lcvitsky. in contrast to your conclusion, I would sub- 
mit that your case represents the concept that the exception 
does indeed prove the rule. 



The Angell-Shiley Porcine Xenograft 

William W. Angell, M.D., Judith D. Angell, B.S., Alex Sywak, M.D. 



ABSTRACT A 4-year clinical experience with 
fresh allograft tissue valves prompted a trial of 0.5% 
buffered glutaraldehyde as a valve fixative and 
sterilant. Tanned allograft and porcine xenograft 
valves were inserted into experimental animals, and, 
beginning in 1970, similar valves were implanted in 
a series of patients now totaling 312. The clinical 
results are excellent. The 5-year valve-related mor- 
tality is 6% for patients who had mitral valve re- 
placement and 16% for those with aortic valve 
replacement. To date, the incidence of thromboem- 
bolism is 1,3% per patient-year, and valve-related 
morbidity and mortality for the combined groups is 
27.4%. 

Valve stent design has evolved from symmetri- 
cally configured metal to anatomically molded plas- 
tic. The maintenance of natural valve configuration 
has optimized leaflet coaptation and support, de- 
creased tissue stress, and eliminated valve-stent de- 
hiscence and tissue rupture seen in valves deformed 
to fit symmetrical stents. Stent design, controlled 
glutaraldehyde solutions, and fixation techniques 
have improved leaflet flexibility and reduced valve 
orifice to annulus diameter ratios, thus producing 
transvalvulax gradients comparable to both me- 
chanical and modified orifice tissue valves. To date, 
tissue failure, observed in only 1.0% (3 of 287) of 
patients, is the result of calcification (2 patients) and 
cusp rupture due to incomplete fixation (1 patient). 

Interest in the development of a xenograft 
prosthesis was stimulated by the logistical 
problems of availability, guaranteed sterility, 
and limited storage which plagued an other- 
wise favorable 3-5-year clinical experience with 
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the fresh allograft [4]. Because of the complete 
failure of 33 formalin-treated porcine valves [8], 
the use of glutaraldehyde as a fixative and 
sterilant was approached cautiously. Animal 
trials were followed by a small clinical series of 
6 patients in 1970 [1]. Careful follow-up of these 
patients over a 2V2-year interval revealed no 
evidence of valve failure or complications [51. 
The decision was made to transfer the knowl- 
edge and experience gained from the use of 
both the autograft and the formalin xenograft 
to the fabrication of a glutaraldehyde tanned 
porcine valve graft. Since then, the association 
with Shiley Laboratories has added a further 
dimension of expertise to the development of 
this tissue valve prosthesis. This report in- 
volves 331 glutaraldehyde-treated xenografts 
implanted in 312 patients between June, 1970, 
and October, 1978. The series is analyzed with 
regard to overall patient morbidity and mor- 
tality, including the incidence of tissue fail- 
ure, thromboembolism, bacterial endocarditis, 
anticoagulant-related hemorrhage, and hemo- 
dynamic performance. The results of this analy- 
sis support the impression that the glutaral- 
dehyde-treated xenograft provides extended 
durability with a low incidence of valve- 
related complications. 

Material and Methods 

Between June, 1970, and October, 1978, 312 pa- 
tients underwent aortic (AVR), mitral (MVR), or 
multiple valve replacement utilizing 331 glu- 
taraldehyde-treated porcine xenografts (Table 
1). There were 227 men and 85 women with 
an average age of 55 years (range, 21 to 83 
years old). Twenty-nine percent of the patients 
were 65 years old or older. As shown in Table 2, 
72% of the patients had valve replacement as an 
isolated procedure, while the remaining 28% 
(86) underwent valve replacement in combina- 
tion with a second or third surgical procedure, 
usually coronary artery bypass grafting. Fifty- 
six patients (18%) underwent valve replace- 
ment with a porcine xenograft because of fail- 
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Table 1. Patient information 



Factor 


AVR 


MVR 


Mult VR 


No. of patients 


176 


94 


42 


Men 


150 


54 


23 


Women 


26 


40 


19 


Average age (yr) 


53 


56 


55 


Range (yr) 


21-83 


21-79 


29-75 


65 years or over 


32% 


23% 


26% 


Follow-up 








Duration 


417 


221 


69 


(patient-years) 








Average (yr) :i 


2.5 


2.6 


2.1 


Maximum (yr) 


S.l 


8.3 


5.3 


Range (yr) 


0.1-8.1, 


0.1-8.3 


0.2-5.3 


Lost 


.1.7% 


0 


0 


Current survivors 


147 


67 


23 



''Patients surviving operation. 

AVR - aortic valve replacement; MVR = mitral valve re- 
placement; Mult VR = multiple valve replacement. 



Table 2. Patient Groups 



Procedure 


AVR 


MVR 


Mult VR 


Total patients 


176 


94 


42 


Isolated 


121 


68 


37 


procedure 








Combined 


55 (31%) 


26 (28%) 


5 (12%) 


procedure 








CABG x 1 


24 


12 


0 


CABG x 2 


19 


11 


3 


CABG X 3 


3 


3 


0 


Pacemaker 


7 


0 


2 


VSD closure 


2 


0 


0 


Previous valve 


24 (14%) 


18 (19%) 


14 (33%) 


operation 









AVR = aortic valve replacement; MVR - mitral valve re- 
placement; Mult VR = multiple valve replacement; CABG = 
coronary artery bypass graft; VSD = ventricular septal de- 
fect. 



ure of a previous graft. Only 37% of patients 
were considered ideal surgical candidates: they 
were less than 65 years old, had a cardio thoracic 
ratio of less than 0.55, and were undergoing a 
first procedure for isolated valve replacement. 

All patients seen with operable valvular heart 
disease were considered candidates for valve 
replacement with a porcine xenograft. There 
was no patient selection by age or by New York 
Heart Association Functional Classification. 



The patients in this series are, for the most part, 
consecutive, and tissue valves were used exclu- 
sively unless there was a patient or physician 
preference. All patients receiving xenografts are 
included in this analysis with the exception of 4 
patients (3 undergoing MVR and 1, AVR) who 
were operated on for primary coronary artery 
disease and in whom a valve was inserted only 
as a final attempt to wean the patient from car- 
diopulmonary bypass. All 4 patients died in the 
operating room. 

Operative Technique 

Both AVR and MVR are performed through a 
median sternotomy. Standard cardiopulmonary 
bypass with caval and ascending aortic root 
cannulation was used in all patients but those 
undergoing single aortic valve replacement; in 
those patients, a single right atrial cannula was 
used. Myocardial protection during aortic 
cross-clamping has evolved from surface cool- 
ing or coronary perfusion to the present use of 
cardioplegic solutions combined with surface 
and intracavitary cooling. Suturing methods 
have remained unchanged for MVR. Inter- 
rupted mattress Teflon-coated Dacron sutures 
from the ventricle to the atrium are used to 
secure the valve in place. Teflon bolsters are 
used in areas with minimal annular fibrous tis- 
sue. The valve is positioned as high in the left 
atrium as possible, and it is rotated to ensure 
placement of the widest valve sinus in the area 
of the left ventricular outflow tract. The tech- 
nique for AVR has changed from intraannular 
positioning of the valve with interrupted mat- 
tress sutures from the aorta to the ventricle to 
supraannular positioning with sutures from 
the ventricle to the aorta [1]. Also, the valve 
is rotated so as to align the commissural strut 
between the right and left coronary sinuses of 
the valve midway between the right and left 
coronary ostia of the patient. This places the 
muscular right coronary cusp of the valve 
against the anterolateral muscular ridge of the 
left ventricle and positions the larger, less 
obstructive left valve cusp and the noncoronary 
valve cusp in the widest portiori of the left ven- 
tricular outflow tract. In some instances, patch 
widening of the aortic root is used, but rarely is 
the annulus split [24]. These alterations in AVR 
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technique are thought to allow the use of larger 
valves and to reduce transvalvular gradients. 



Anticoagulation 

Postoperatively, most patients are treated with 
heparin, 50 to 75 U per kilogram of body weight 
administered twice a day beginning approxi- 
mately eighteen hours after operation, and with 
warfarin until the prothrombin time reaches 20 
to 25% (2 to 2.5 times normal). Then, heparin is 
discontinued, and the prothrombin time is 
maintained at this level with warfarin for 8 to 16 
weeks, after which it is gradually withdrawn by 
tapering doses over an 8-week period. Patients 
in atrial fibrillation with a history of throm- 
boembolism and patients who, in addition, 
were found to have left atrial clot, intimal dis- 
ruption, or a "giant" left atrium at the time of 
operation were recommended for long-term 
warfarin therapy. Patients with a history of 
hemorrhage on a regimen of anticoagulants or 
in whom it was difficult to control the pro- 
thrombin time were placed on abbreviated or 
modified regimens of anticoagulation. 



Analytical Methods 

Follow-up was conducted oyer a 2-month inter- 
val by contacting the. patient or the referring 
physician or both parties. Patients were asked 
to complete a standard questionnaire specific 
for the type of valve replacement and designed 
to determine the presence of a valve-related 
complication or the risks of such a complica- 
tion. When a complication was suspected or 
known to have occurred, the referring physi- 
cian was contacted for verification and clarifi- 
cation or the patient was seen in this office. 

Table 1 summarizes the follow-up informa- 
tion for each valve replacement group. The total 
duration of follow-up for all patient groups is 
707 patient-years, with an average of 2.5 years 
and a range of 0.1 to 8.3 years. Of the 287 
patients who survived operation, 3 patients 
(1%) who underwent AVR have been lost to 
follow-up. 

Designation of patient morbidity and mor- 
tality as operative, valve-related, or non-valve- 
related was based on the following: 



1. All deaths within thirty days of operation or 
related to events within the first thirty days 
were designated as operative deaths. All pa- 
tients who died of valve-related causes 
within thirty days of operation are included 
in the valve-related morbidity and mortality 
curves. 

2. All sudden, unexplained deaths are desig- 
nated as valve-related. 

3. All cerebral vascular accidents and transient 
ischemic attacks are designated as valve- 
related. 

4. All bacterial endocarditis was designated as 
valve-related, even in patients with mul- 
tiple-valve replacement in whom a mechan- 
ical prosthesis or allograft valve was also 
present. 

5. All hemorrhages occurring when the patient 
was on a regimen of anticoagulants for the 
valve were designated as valve-related. 

6. All reoperations were designated as valve- 
related. 

7. Hemodynamically significant regurgitation 
or stenosis as determined by clinical and 
catheterization methods was designated as 
valve-related. 

8. Questionable or hemodynamically insignif- 
icant murmurs were not considered valve- 
related complications. 

9. Hepatitis was not included as a valve-related 
complication. 



Patient morbidity and mortality, overall and 
valve-related, are expressed both by standard 
actuarial survival curves and by linearized oc- 
currence rates (Table 3) [6, 11, 16], 

Patient Survival 

The hospital mortality for xenograft AVR is 4%. 
Overall late mortality expressed as a linearized 
rate is 6.5% per patient-year (see Table 3). The 
actuarial overall survival curve* for AVR shows 
68% of patients alive at 8 years (Fig 1). When 
deaths from non-valve-related causes are ex- 
cluded, the linearized risk of late valve-related 
mortality is 3.4% per patient-year, and the ac- 

*AU overall and valve-related survival curves include oper- 
ative mortality. 
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Table 3. Linearized Mortality and Morbidity Rates* 





Aortic 


Mitral 


Multiple 




Valve 


Valve 


Valve 


Late mortality 


b.D 


R 1 


14.6 


Thromboemboli sm 








Total 


fi 7 

u./ 


1 8 


2.9 


Fatal 


0 


U 


1.5 


Hemorrhage 






0 


Total 


1.0 


1.4 


Fatal 


0 


0 


0 


Endocarditis 








Total 


0.5 


0.5 


4.4 


Fatal 


0.2 


0.5 


4.4 


Tissue failure 






0 


Total 


0.7 


0 


Fatal 


0.5 


0 


0 


Perivalvular leak 






5.8 


Total 


3.1 


0.9 


Fatal 


1.0 


0 


2.9 



a Values expressed as percent per patient-year. 



Fig 1. Actuarial overall and valve-related 8 -year survi- 
vals for the 176 patients who underwent aortic valve 
replacement. 



tuarial valve-related curve* shows 84% survival 
at 8 years. 

The operative mortality for MVR is high at 
9%. The linearized late mortality for this 
group is 8.1% per patient-year with an actuarial 
overall survival* of 51% at 8 years (Fig 2). How- 
ever, excluding ail deaths known to have been 
unrelated to the xenograft, the 8-year actuarial 
valve-related survival* is 94%. Expressed as a 
linearized rate, the valve-related late mortality 
is only 0.5% per patient-year. 

Although Table 3 shows the statistics for the 
patients undergoing multiple-valve replace- 
ment, these figures do not represent true 
multiple-valve replacement with the xenograft. 
Sixty percent of the patients in this group have, 
in addition to a xenograft, either a mechanical 
prosthesis or an allograft in place, or they have 
undergone mitral or tricuspid annuloplasty. For 
this reason, the valve-related complications or 
deaths are difficult to determine and, therefore, 
are hard to analyze. Figure 3 describes the actu- 
arial overall and valve-related survival ior this 
group, and shows, respectively, 48% and 73% 
of patients alive at 4 years. If operative mor- 
tality is excluded, the 4-year overall and valve- 
related survivals are 63% and 77%, respec- 

*A11 overall and valve-related survival curves include oper- 
ative mortality. 
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Fig 2. Actuarial overall and valve-related 8-year survi- 
vah for the 94 patients who underwent mitral valve re- 
placement. 
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Fig 3. Actuarial overall and valve-related $-year survi- 
vals for the 42 patients who underwent multiple-valve 
replacement. 
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tivcly. Expressed as a linearized rate, overall 
late mortality, including operative deaths, is 
14.6% per patient-year. Operative mortality in 
this group is exceptionally high at 21%. It is 
significant to note, however, that 56% of the 
operative deaths (5 of 9) occurred in patients 
undergoing reoperation (4 patients) or in pa- 
tients in whom an additional noncardiac proce- 
dure was performed (1 patient). Two patients in 
this group experienced a thromboembolic com- 
plication; 1 of them also had an allograft valve 
in place. Thromboembolism was fatal for 1 pa- 
tient. Bacterial endocarditis was a fatal compli- 
cation for 3 patients. In 1 patient, it persisted 
after removal of an infected allograft, and an 
allograft valve was present in the second patient 
dying of endocarditis. Four patients experi- 
enced toxic perivalvular leak; it was the cause of 
death in 2 of them. 

Thromboembolism 

There have been no fatal thromboembolic 
events in either the AVR or MVR group. The 
linearized incidence for the AVR group is 0.7% 
per patient-year, while in the MVR group it is 
somewhat higher at 1.8% per patient-year. It is 
significant to note,, however, that the rate for 

Fig 4. Actuarial 8-year incidence of thromboembolism 
(TE) for aortic and mitral valve replacement. 



patients undergoing MVR is skewed by the oc- 
currence of 75% (3 of 4) of these events during 
the first 4 postoperative months. Figure 4 ex- 
presses the actuarial incidence of thromboem- 
bolism in both groups, and shows 95% of the 
patients who underwent AVR and 94% of those 
who had MVR to be free from embolus at 8 
years. 

Anticoagulant-related Hemorrhage 
While the risk of anticoagulant-related hemor- 
rhage is expressed as a linearized rate, this 
value is affected by an uneven distribution of 
events over the postoperative interval. Five 
of the 7 hemorrhagic complications occurred 
within 3 months of operation. As shown in 
Table 3, the risk for patients undergoing either 
AVR or MVR is 1% and 1.4% per patient-year, 
respectively. There were no fatal hemorrhagic 
events in this series. 



Bacterial Endocarditis 

The linearized occurrence of bacterial endocar- 
ditis for both the AVR and MVR groups is 
identical at 0.5% per patient-year. One of 2 pa- 
tients who underwent AVR and who had en- 
docarditis died of this complication, resulting 
in a fatal risk of 0.2% per patient-year. The only 
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incidence of endocarditis in the MVR group re- 
sulted in death. 

Perivalvular leak 

The risk of developing a perivalvular leak with 
AVR is 3.1% per patient-year, with an asso- 
ciated linearized mortality rate of 1.0% per 
patient-year. For patients undergoing MVR, the 
linearized rate of occurrence is 0.9% per 
patient-year, with no risk of fatality. 

Tissue failure 

The occurrence of tissue failure in the AVR 
group is 0.7% per patient : year, with a 
linearized mortality rate of 0.5% per patient- 
year. No tissue failure was experienced in the 
MVR group. 



Hemodynamic Function 

Two patients (1 each from the AVR and MVR 
groups) in this series have undergone reopera- 
tion for significant transvalvular gradients. The 
patient requiring AVR, an extremely vigorous 
25-year-old man with hyperdynamic left ven- 
tricular contractility and a high cardiac output 
(7.3 liters per minute), was found 13 months 
postoperatively to have a 51 mm mean gradient 
across a 24 mm xenograft. At reoperation, the 
valve was noted to be normally flexible and 
without calcification. In the second patient, a 19 
mm mean gradient was measured across a 31 
mm mitral valve xenograft 10 months after im- 
plantation. The removed valve demonstrated 
inherently stiff leaflets without calcific changes. 

Clinically significant stenosis is present in 2 
patients with small annulus diameter valves in 
the aortic (23 mm) and mitral (27 mm) position. 
While both patients are minimally symptomatic 
26 and 46 months postoperatively, they may 
well require reoperation. 

Three patients who underwent AVR have 
clinically insignificant murmurs of xenograft 
insufficiency, one of which is thought to be 
perivalvular in origin. This condition has been 
stable in all 3 patients for 14, 18, and 30 months, 

respectively. 

Examination of two valve specimens from 
patients dying of left ventricular f ailure m a low 
output state, showed fibrin deposition in the 
smallest cusp of these large, asymmetric valves. 



Comment 

The hospital thirty-day survival rates for both 
the AVR and MVR groups are not enviable, and 
in part, are explained by the exclusive use of the 
porcine xenograft during the past 5 years (1973 
through 1978). As in any consecutive series, 
this early mortality is more often a reflection of 
the patient's preoperative age and New York 
Heart Association Functional Class than of the 
valve's performance. This is borne out by the 
valve-related survival and complication curves. 
Table 4 lists the causes of hospital death in both 
patient groups; only 1 patient, who was under- 
going AVR, died of causes related to the valve. 
In this patient, acute dehiscence of the valve 
resulted in cardiovascular collapse. In 3 patients 
with AVR, sepsis was an important factor in 
their deaths. In 1 of them with a sternal infec- 
tion a persistent, resistant bacteremia de- 



Table 4. Causes of Operative Death in Tw> 
Groups of Patients Undergoing Aortic 
or Mitral Valve Replacement 



Valve" 



Cause of Death 6 



Aortic (4%) Intraoperative CVA (67) 
Sudden, unexplained (96) 
Bleeding (162) 

Reoperation for dehisced xenograft 
(183) 

Sternal infection (236) 
Renal failure and sepsis (256) 
Pulmonary infection (314) 

Mitral (9%) MI, s/p S.E. valve for TE, MI (40) 
Low output, TVD , |LVfunction(64) 
Aspiration, tracheostomy, TVD 
(197) 

Hyperkalemic arrest, KP clot (212) 
Renal failure, TVD, i LV function 
(223) 

Shock, ventilator, | SystPAP (231) 
PI and fibrosis, cachectic (300) 
Low output, t Syst PAP, TVD (330) 



S porcine xenograft involved. Total number inserted 
= 331. 

CVA - cerebrovascular accident; TVD - triple-vessel dis- 
£ T V - left ventricular; MI = myocardial infarction; s/p 
/ h^os S E = Starr-Edwards; TE = thromboem- 
- ^"etoperitoneal; Syst PAP - systemic pulmo- 
nary artery pressure. 
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veloped and was the cause of death. Preopera- ■ 
tive long-term steroid therapy for control of 
obstructive pulmonary disease contributed to 
pulmonary infection and death in a second pa- 
tient. A 78-year-old man died of sepsis result- 
ing from bowel perforation during peritoneal 
dialysis for renal failure. The remaining opera- 
tive deaths in the AVR group were due to an 
intraoperative cerebrovascular accident and to 
complications secondary to persistent bleeding; 
a sudden, unexplained death 1 week following 
discharge was presumed to have been due to an 
arrhythmia. 

Five of the 9 hospital deaths in the MVR 
group were the result of complications second- 
ary to poor left ventricular function and con- 
comitant triple-vessel coronary artery disease. 
A cachectic patient with pulmonary fibrosis 
and insufficiency and in whom mitral valve re- 
gurgitation was of questionable significance, 
continued to deteriorate postoperatively and 
eventually died. One patient died of cardiac ar- 
rest secondary to hyperkalemia, which was 
probably aggravated by an old retroperitoneal 
hematoma. One patient with a mechanical 
prosthesis died of a myocardial infarction and 
pulmonary insufficiency during reoperation. 
Interestingly, this patient is the only hospital 
death among the 24 patients with isolated MVR 
who underwent reoperation. 

The first year mortality was also high in both 
the AVR (13 patients) and MVR (10 patients) 
groups. With MVR, only 2 of the deaths were 
proved to be valve-related. One patient died of 
persistent bacterial endocarditis, and 1 died 
suddenly of an unexplained cause presumed to 
be valve-related. With AVR, 7 patients died of 
proved or possible valve-related causes within 
the first postoperative year. Three of these 
deaths were secondary to complications of 
perivalvular leak, 1 was due to bacterial en- 
docarditis, and 3 were sudden, unexplained, 
and presumed valve-related. For the remaining 
14 patients who died (8, MVR; 6, AVR), it was 
known that the cause of death was not valve- 
related or else at postmortem examination the 
xenograft was shown to be normal or at 
catheterization before death it was functioning 
normally. Table 5 lists the non-valve-related 
1-year mortality in both patient groups. 



Table 5. Nan-Valve-Rrlated Deaths 
in Postoperative Year 1 



Valve Cause of Death 11 

Aortic Pulmonary embolus (12) 

Arrhythmia (137) 
Arrhythmia (144) 
Suicide (169) 
LV failure (274) 
Hepatitis (225) 

Mitral Suicide (31) 

Arrhythmia (33) 
LV failure (SO) 
Cirrhosis of liver (114) 
LV failure (1S9) 
LV failure (249) 
Pneumonia (312) 
LV failure (307) 

a Number in parentheses after cause of death is that of the 
glutaraldehyde-treated porcine xenograft involved. Total 
number inserted = 331. 

LV = left ventricular. 

In the AVR group, valve-related mortality in 
years 2 through 8 was the result of tissue failure 
by calcific stenosis in 2 patients. Five patients 
died suddenly of unknown cause, which was 
presumed valve-related. The remaining 7 pa- 
tients died of causes clearly not related to the 
xenograft. None of the late deaths occurring in 
the MVR group were proved to be valve- 
related. One patient died of an unexplained, 
presumed valve-related cause, and the re- 
maining 8 patients were shown to have died of 
unrelated causes or to have normal xenografts 
postmortem or at catheterization. Table 6 de- 
scribes the causes of late death in both the AVR 
and MVR patient groups. 

A group of 42 patients includes those 
who underwent reoperation for a previous 
aortic or mitral valve surgical procedure. 
There were 2 operative deaths, for a hospital 
mortality of 4.8%. This is less than that for pa- 
tients undergoing isolated valve replacement 
for the first time. The low surgical mortality in 
this group, the majority of whom were having 
reoperation because of allograft or formalin 
xenograft failure, is a strong point in favor of 
the use of tissue valves, indicating a low risk to 
the patient should replacement due to valve 





545 Angell, Angell, and Sywak: Angell-Shiley Porcine Xenograft 



Table 6. Cause of Late Deaths in Postoperative Years 2 through 3 rt 

Cause of Death 



Valve 



Non-Valve-Related 



Valve-Related 



Mitral 



Aortic 



CAD and hepatitis (109) 
Cancer (213) 
LV failure (191) 

Operation for other valve disease (115) 
Cancer (119) 
CHF (5) 

Other valve disease (28) 
Perforated peptic ulcer (83) 
Uver failure (103) 
Cancer- (182) 
MI with TVD (74) 
CHF (99) 
LV failure (78) 



Sudden, unexplained (14) 



Sudden, unexplained (55) 
Sudden, unexplained (143) 
Sudden, unexplained (139) 
Sudden, unexplained (153) 
Sudden, unexplained (195) 
Xenograft stenosis (16) 
Xenograft stenosis (20) 



Cancer (2) 

'Number in parentheses after cause of death is that of .he glutaraldehyde-treated poxcine xenograft involved. Total number 

^?l d cor!nary artery disease; LV = left ventricular; CHF = congestive heart failure; MI = mitral insufficiency; TVD = 
triple-vessel disease. 



failure be necessary. Two patients in the pres- 
ent xenograft series failed to return for reoper- 
ation necessitated by marked calcific aortic 
stenosis, and both died. This points out the 
importance of close patient follow-up with 
postoperative catheterization or other defini- 
tive evaluation at the first indication of possible 

valve failure. 

No patient in this series sustained a fatal 
thromboembolism. However, as reported here 
and elsewhere [9, 13, 21],* the early risk of this 
event, particularly with MVR is significant, and 
supports the concept of an early anticoagulation 
regimen. It is important to note that two of the 
three early thromboembolic events in the MVR 
group (Table 7) coincided with the abrupt ces- 
sation of anticoagulation therapy due to hemor- 
rhagic complication. Late thromboembolism in 
both groups (4 patients) can only be presumed 
valve-related and may, in fact/be noncardiac in 
origin. The actuarial occurrence of thromboem- 
bolic events during an 8-year interval is shown 
in Figure 4. 

The incidence of anticoagulant-related hem- 
orrhage is in agreement with that reported by 



Table 7. Occurrence of Thromboembolism 
and Hemorrhage by Postoperative Interval 



Interval 






(mo) 


AVR 


MVR 


THROMB OEMB OLIS M 


0-12 


None 


Stroke: horn hem 






Stroke: memory loss 






Stroke: no deficit 


12-24 * 


TIA — APHASIA 


None 


24-36 


None 


Stroke: no deficit 


36-48 


TIA— APHASIA 


None 




TIA— APHASIA 




HEMORRHAGE 


0-12 


GI bleed 


Subdural hematoma 




GI bleed 


Hematuria 




Vaginal bleed 


GI bleed 


12-24 


GI bleed 


None 


24-36 


None 


None 


36-48 


None 


None 



AVR = aortic valve replacement; MVR « mitral valve re- 
placement; horn hem = homonymous hemianopia; TIA = 
transient ischemic attack; GI = gastrointestinal. 



*Oyer PE: Personal communication, 1979. 
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other investigators [9, 221: While low, it re- 
mains a disturbing complication, occurring 
during short-term therapy in 3 of our patients 
who had AVR and 3 who underwent MVR, and 
in 1 patient who had MVR and 1 who had AVR 
who were on a long-term regimen of antico- 
agulation. Further reduction of this incidence 
may be possible only by more rigorous control 
or by accepting a shorter prothrombin time. 
Most important is the observation that in no 
patient was hemorrhage fatal. 

Bacterial endocarditis, excluding patients 
who had more than one type of valve prosthesis 
in place, occurred at a rate of 0.4% per patient- 
year for the combined MVR (1 patient) and AVR 
(2 patients) groups. Two patients died as a re- 
sult of this complication, 1 who had undergone 
replacement with a xenograft due to infection 
of the previously placed autograft- One patient 
was treated successfully. 

Perivalvular leak is the only serious valve- 
related complication encountered in this 8-year 
experience. This problem, which was seen to 
occur secondary to annular disruption from 
toxic glutaraldehyde present in the sewing 
flange at implantation, reached disastrous pro- 
portions in the fifth year (1975) of our series. In 
a 1-month period, 43% of 14 patients operated 
on for valve replacement experienced this com- 
plication. Careful retrospective analysis of our 
own early experience showed a rather persis- 
tent, and for us, unusual occurrence of perival- 
vular leak in the absence of any predilection on 
the part of the patient. Furthermore, at the time 
of reoperation, we observed poor tissue in- 
growth and suture distraction even in a valve 
recipient with a healthy annulus. While an ex- 
tensive search of the literature failed to reveal 
any series reporting a similar problem, direct 
communication with other users of the glu- 
taraldehyde xenograft disclosed similar, un- 
explained incidences of lesser magnitude [9, 
10, 23]. The presence of annular necrotic tissue 
loss, microaneurysm formation (Fig 5), and 
abscess in the absence of infection was thought 
to implicate a toxic, noninfective process with 
no apparent relationship to operative technique 
or valve construction. In vivo and in vitro, test- 
ing for toxic substances in the plastics, fabrics, 
or solutions used in valve fabrication failed to 




Fig 5. Microaneurysm formation resulting from 
glutaraldehyde toxicity. 



identify any agent other than glutaraldehyde. 
Further analysis of the valve storage solutions 
revealed the presence of high concentrations of 
long-chain glutaraldehyde polymers known to 
be poorly soluble in aqueous solution. Subcu- 
taneous implantation in rabbits of fabric sam- 
ples stored in these insoluble, high-polymer 
content solutions was seen to produce abscess 
formation. Purification of glutaraldehyde so- 
lutions with further control of glutaraldehyde 
polymer content by strict adherence to recom- 
mended storage conditions (temperatures of 4° 
to 18°C and avoidance of exposure to ultraviolet 
light) and the use of a rigorous rinse protocol 
prior to implantation have been effective in 
eliminating perivalvular leak from this series. 

Since October, 1975, 135 glutaraldehyde 
xenografts have been implanted without inci- 
dence of perivalvular leak. Valves retrieved 
postmortem have shown good healing in the 
perivalvular region without microscopic evi- 
dence of tissue disruption, or inflammatory 
reaction. It is believed that the cause of this 
problem has been identified and corrected. 
However, we believe that information regard- 
ing the significance and .potential for occur- 
rence of this complication with all types of 
glutaraldehyde xenografts has not been appro- 
priately disseminated- Other groups using the 
glutaraldehyde xenograft have experienced un- 
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-es and was pare with the in vitro steady-state flow curv. 
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Calcification with resultant steno.s was th ^ fi tQ 24 mm 
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FLOW (L/MIN) 



Fig 6. A comparison between in vivo aortic valve gra- 
dients measured with a 24 mm Angell-Shiley xenograft 
and the in vitro steady-state flow curve. 



that the valve leaflets only open partially and 
that the third valve leaflet, usually the right 
coronary cusp, moves poorly. Wright's study of 
5 tissue valve types also indicates that in the mi- 
tral position, the third leaflet is, on the average, 
not fully open until a flow of 12 liters per min- 
ute is achieved (cardiac output = 5 liters per 
minute). Of the valves tested by Wright, initial 
opening of the third leaflet is seen to occur at 
flows as low as 1.5 liters and, in some cases, this 
leaflet does not fully open until a flow of 18 
liters is attained. While Wright does show some 
correlation of this behavior with valve type, 
there is more variability among valves of the 
same type than between kinds of valves. For 
MVR, this inherent leaflet inflexibility most 
likely accounts for the poor correlation reported 
between the valve orifice size and the measured 
in vivo gradient [15, 19]. 
In spite of these variables, in our present se- 



ries, the average measured in vivo gradient cor- 
related with valve size in the mitral position. As 
noted in Table 9, the average intraoperative and 
catheterization gradient for 26 to 29 mm valves 
was 5.3 mm Hg, and for 30 to 33 mm valves the 
average value was 2.4 mm Hg. This agrees rea- 
sonably well with the in vitro data of Wright 
[27] if one assumes that a mean flow of 140 ml 
per second is equivalent to a cardiac output of 
4.4 liters per minute. Under those conditions, 
Wright measured a 6 mm Hg gradient in the 27 
to 29 mm sizes and a 4 mm Hg gradient in the 
30 to 34 mm sizes of the Angell-Shiley valve. In 
addition, our own steady-state in vitro data 
would predict 4.1 and 2.3 mm Hg gradients for 
the smaller and larger valves, respectively, as- 
suming a cardiac output of 4.4 liters per minute, 
with a peak flow of 8.8 liters per minute. 

From a clinical standpoint, although the ef- 
fective flow orifice is less than optimal, the 
xenograft has permitted adequate function in 
98.6% (283 of 287) of surviving patients. In our 
experience, 1 aortic and 1 mitral valve have re- 
quired removal because of a high gradient. The 
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ANNULUS DIAMETER (MM) 

Fig 7. In vivo gradients measured intraoperatively and 
at postoperative catheterization with an Angell-Shiley 
xenograft aortic valve replacement. 



Table 8. Hemodynamic Measurements for Valves in the Aortic Position 



Gradient (mm Hg) 


Annulus Diameter 
24 mm or less 


Average 


Annulus Diameter 
25 mm or more 


Average 


Intraoperative 

Catheterization 

In vitro steady-state 


18.2 (19 pts) 
20.8 :i (12 pts) 
19.0 1 


19.2 
(19-0) 


13.8 (42 pts) 
11.3" (6 pts) 
12.0 1 ' 


13.5 
(12.0) 


*At a cardiac output of 4.4 liters per minute. 
h At a cardiac output of 5.2 liters per minute, 
pts = patients. 








Table 9. Hemodynamic 


Measurements for Valves in 


the Mitral Position 




Gradient (mm Hg) 


Annulus Diameter 
29 mm or less 


Average 


Annulus Diameter 
30 mm or more 


Average 


Intraoperative 

Catheterization 

In vitro steady state 


4.3 (15 pts) 
7.5" (7 pts) 
4.1 a 


5.3 
(4.1) 


2.5 (15 pts) 
2.2 JI (9 pts) 
2.3* 


2.4 
(2.3) 
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*At a cardiac output of 4.4 liters per minute, 
pts = patients. 
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23 mm aortic xenograft did not provide an ade- 
quate flow orifice for a vigorous 25-year-old 
man with a high cardiac output and a hyper- 
dynamic left ventricular contractility. Reopera- 
tion included considerable patch widening of 
the aortic root to enable placement of a larger 28 
mm valve. The 30 mm mitral xenograft that was 
removed demonstrated inherently stiff leaflets 
without calcification; this resulted in a high 
gradient despite adequate size. Two additional 
patients, 1 with a 23 mm aortic xenograft and 1 
with a 27 mm mitral xenograft, have hemo- 
dynamically significant gradients at postoper- 
ative catheterization. These patients may well 
need reoperation, although at present they 
are minimally symptomatic. 

As mentioned earlier, poor leaflet mobility in 
the low cardiac output state (less than 2.5 liters 
per minute) is well demonstrated by cine- 
photography. In our series, 2 patients dying 
of non- valve-related cause in a low output 
state were found at postmortem examina- 
tion to have fibrin deposition behind the small- 
est leaflet of the large asymmetric valve. It is 
believed that the combination of a large valve in 



Fig 8. Valve-related morbidity and mortality among 270 
patients who underwent aortic or mitral valve replace- 
ment. 



100 



so 



a patient with an initially low cardiac output 
may result in fibrin deposition and cause a pro- 
gressively higher valve gradient as the cardiac 
output increases in the later postoperative 
course. These observations have prompted us 
to maintain a high cardiac output in the earlv 
postoperative period and to initiate early anti- 
coagulation treatment in order to reduce the 
deposition of fibrin and platelets around the 
functional portions of the valve leaflets. 

By comparison with the mechanical prosthe- 
ses, tissue valves such as the allograft and the 
glutaraldehyde xenograft are seen to have 
higher transvalvular gradients, both in vivo 
and in vitro. As indicated by the study of 
Wright [27], some hemodynamic differences 
exist between the Angell-Shiley, Hancock, and 
Carpentier- Edwards valves, but there is clearly 
more variation in measured hemodynamic data 
from patient to patient and valve to valve than 
is reported by the three manufacturers [2]. 
Newer tissue valve types such as the Ionescu- 
Shiley [27], the Hancock 250 series [17], and 
the prototype high-flow orifice Angell-Shiley 
valve are examples of the fact that most 
of the hemodynamic disadvantages seen with 
the tissue valve are solvable problems. The 
annulus to flow orifice ratio of the glu- 
taxaldehyde-treated tissue valve can be im- 
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Fig 9. Comparison of actuarial 5-year morbidity and 
mortality among xenograft, allograft and mechanical 
prosthesis for (A) patients who had aortic valve re- 
placement and (B) patients who had mitral valve re- 
placement. 

proved to such a point that it is comparable to 
the best mechanical prosthesis. It is essential, 
however, that the proved intrinsic advantages 
of the xenograft valve not be compromised in 
these alterations. 



Conclusion 

In our opinion, the most meaningful analysis of 
xenograft function is represented by actuarially 
determined valve-related morbidity and mor- 
tality. As shown in Figure 8, 81% of the pa- 
tients who underwent MVR and 68% of the pa- 
tients who had AVR have survived 8 years 
without experiencing a valve-related complica- 
tion. The 13 patients (7.5% with AVR) who sus- 
tained toxic perivalvular leak during the first 
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postoperative year account for 50% (13 of 26) of 
the total number of valve- related complications 
and deaths in this group. Fortunately, the 
problem has been identified and has not re- 
curred in the last 3 years. 

A comparison of AVR and MVR with the 
xenograft, mechanical prostheses and the fresh 
allograft over a similar 5-year follow-up is noted 
in Figure 9. While retrospective studies defy 
statistically significant correlation, we believe, 
on the basis of past experience, that these 
trends and relationships are meaningful indi- 
cators of relative valve performance and risk to 
the patient. The comparison for patients under- 
going AVR shows results with the xenograft to 
be superior to those with mechanical pros- 
theses and not significantly different from 
those with the allograft. For MVR, the xeno- 
graft is seen to offer a significantly reduced 
risk of valve-related death and complication 
over either the allograft or the mechanical pros- 
theses. 

In this experience, thromboembolism and 
anticoagulant- induced hemorrhage are reduced 
to a minimum and a nonfatal incidence of 1.1% 
per patient-year. Valve failure is insignificant 
in the first 8 years of follow-up (0.5% per 
patient-year), and hemodynamic performance 
has been acceptable in all but 1.6% (4) of the 
surviving patients. We anticipate that im- 
proved stent design and glutaraldehyde fixa- 
tion methods will further enhance valve hemo- 
dynamics and long-term function. 

We continue to use the Angell-Shiley xeno- 
graft as the valve of choice for isolated aortic, 
mitral, and tricuspid replacement as well as for 
combined and complex procedures. 
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Notice from the American Board of Thoracic Surgery 
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The American Board of Thoracic Surgery now 
requires that candidates pass both the written 
and oral portions of the certifying examination. 

In 1980 and thereafter, a written examination 
will be given prior to the oral examination. It 
will be necessary to pass the written examina- 
tion before the oral examination can be taken. 
The closing date for registration for 1981 is Au- 
gust 1, 1980. The exact times and places of these 
examinations will be announced later. 



A candidate applying for admission to the 
1981 certifying examination must fulfill all the 
requirements for the. Board in force at the time 
the application is received. 

Please address all communications to the 
American Board of Thoracic Surgery, 14640 E 
Seven Mile Road, Detroit, MI 48205. 
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Delayed rejection of porcine cartilage is averted by 
transgenic expression of al,2-fucosyltraiisf erase 1 

CRISTINA COSTA, 2 JANE L. BROKAW, YI WANG, AND WTULIAM L. FODOR 

Departments of Molecular and Cellular Sciences, Alexion Pharmaceuticals Inc., 
Cheshire, Connecticut, USA 



SPECIFIC AIMS 

In our laboratory we aim to develop porcine cartilage 
resistant to delayed tissue rejection for xenotrans- 
plant applications. First it was necessary to under- 
stand the process of xenogeneic cartilage rejection, 
particularly the contribution of the Galal,3-Cal an- 
tigen present in the donor tissue. To this end, in vitro 
engineered porcine cartilage expressing al,2-fucosyl- 
transferase (HT) was generated and tested in vivo in 
wild-type and cd,3-galactosyltransferase knockout 
(Gal KO) mice. 



The effect of blocking CD4 + T cells on the rejection 
process was also analyzed by histology. Implants from 
the control-treatment group showed a predominandy 
mononuclear cellular infiltrate surrounding the xeno- 
graft at 3 and 5 wk. Treatment with anti-CD4^epleting 
antibody markedly reduced the amount of cellular 
immune infiltrate at both time points, but a minor 
lymphocytic infiltrate remained in the implant periph- 
ery. 

3. HT porcine cartilage is highly resistant to delayed 
tissue rejection in Gal KO mice 



PRINCIPAL FINDINGS 

1. Transgenic expression of HT reduces dramatically 
the amount of Galal,3-Gal antigen in porcine 
cartilage and isolated chondrocytes 

We characterized porcine articular chondroq'tes (PAC) 
isolated from control and two lines of HT transgenic pigs 
(HT at20 and HT AT21 ) by flow cytometry. HT AT2u -ex- 
pressing cells showed the most reduction (89%) in 
Galal,3-Gal epitope ceil surface expression as well as 
diminished human and Gal KO-mouse natural anti- 
body reactivity. The pattern and level of Galotl,3-Gal 
expression were investigated in control and HT AT20 
transgenic cartilage by immunofluorescence. A gener- 
alized decrease in Gal<xl,3-Gal antigen was detected in 
both native and in vitro engineered HT transgenic 
cartilage. 

2. CD4 + T cells play a major role in xenogeneic 
porcine cartilage rejection by inducing an anti-pig 
antibody response and a monocytic cellular infiltrate 

To characterize the process of xenogeneic cartilage 
rejection in a small animal model, we first studied the 
contribution of CD4 4 * T cells to the rejection of HT* 1 "- 1 
porcine cartilage implanted subcutaneously (s.c.) in 
wild-type mice. The humoral response was evaluated by 
assessing the anti-PAC antibody reactivity in serum at 3 
and 5 wk after transplantation. Treatment with a de- 
pleting anti-CD4 antibody completely blocked the elic- 
ited antibody response, which was predominandy anti- 
pig and showed no specific reactivity to the H epitope. 



To test the effect of reducing Galal,3-Gal antigen in 
the donor tissue, we s.c. transplanted control or HT 
engineered cartilage into Gal KO mice. Histological 
evaluation showed that the nontransgenic porcine car- 
tilage was rejected as early as 2.5 wk, with extensive 
tissue destruction and a pronounced mononuclear 
cellular infiltrate penetrating the tissue (Fig. The 
cellular infiltrate progressed and peaked at 5 wk (Fig. 
1 Q. This rejection process was faster and more aggres- 
sive than that observed in grafted wild-type mice, but 
similarly contained cells from monocyte/macrophage 
and lymphocyte lineages. In contrast, the HT^ 0 trans- 
genic grafts were intact at 2.5 wk (Fig. IB) and the 
cartilage structure was preserved during the course of 
the study (5 and 10 wk) (Fig. ID, F). Rejection was 
limited to die xenograft periphery, where a minor 
cellular infiltrate developed. 

4. The elicited antibody response is markedly 
reduced in Gal KO mice transplanted with HT 
cartilage grafts 

To investigate the mechanism of Galotl ,3-Gal-mediated 
rejection, we assessed the humoral response in the two 
transplanted cohorts (Fig. 2). Basal levels of anti-PAC 
IgM antibody reactivity were detected in nontrans- 
planted Gal KO mice by flow cytometry. The anti-PAC 



1 To read the full text of this article, go to http://www. 
fasebj.org/ cgi/doi/10.1096/fj.02-0630fje; to cite this article, 
use FASEB J, (November 15, 2002) 10.1096/fj.02-0630fje 

2 Correspondence: Department of Molecular Sciences, 
Alexion Pharmaceuticals Inc., 352 Knotter Dr., Cheshire, CT, 
06410 USA. E-mail: costac@alxn.com 
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Figure 1* Histological analysis of control and HT AT2 ° engi- 
neered cartilage implanted sx. in Gal KO mice. Hematoxylin 
and eosin staining of the following sections is shown: control 
engineered cartilage harvested at 2.5 wk (A), 5 wk (Q, and 10 
wk (£) post-transplantation, as well as HT engineered carti- 
lage harvested at 2.5 wk (£), 5 wk (Z)), and 10 wk (F) 
post-transplantation. 

IgM antibody titers rose at 5 wk post-transplantation in 
the group receiving control cartilage grafts and re- 
mained high up 10 wk (Fig. 2A). In contrast, Gal KO 
mice receiving HT*" 1 " 20 cartilage grafts showed no ele- 
vation in anti-PAC IgM antibodies above background 
(Fig. 2A), Consistent with a predominantly anti- 
Galal,3-Gal IgM response in the control graft recipi- 
ents, reactivity of the IgM subtype to HT transgenic 
PAC was comparable between experimental groups and 
was overall lower than to control PAC (Fig. 2Q. With 
regard to anti-PAC IgG antibodies, no reactivity was 
detected in serum from nontransplanted Gal KO mice 
(Fig. 2B, D). Mice receiving control cartilage mounted 
an anti-PAC IgG response first detected 2.5 wk after 
transplantation, peaking at 5 wk (Fig. 2B). HT AT20 graft 
recipients showed no detectable anti-PAC IgG at 2.5 wk, 
lower anti-control-PAC humoral response at 5 wk (2- 
fold reduction vs. control transplant group), and near- 
background IgG reactivity at 10 wk (Fig. 2B). Results 
with HT AT2a transgenic PAC suggested that die in- 
crease in IgG antibody titers in response to the HT AT20 
cartilage grafts was predominantly non-anti-Galal 7 3- 
Gal (Fig. 2D). We later confirmed by ELISA that the 
elicited anti-Galal,3-Gal antibody response was absent 
in Gal KO mice grafted with HT cartilage. Moreover, we 
assayed splenic B cells for reactivity to the Galod,3-Gal 
epitope by flow cytometry. Whereas mice receiving 
control cartilage showed an increase in the percentage 
of B cells binding to the Galod,3-Gal epitope compared 
with naive mice, tiiis subpopulation of B cells was 
unchanged in HT AT20 -grafted mice. 



CONCLUSIONS AND SIGNIFICANCE 

Many human diseases and injuries result in tissue loss 
or dysfunction. The field of tissue engineering has 
progressed substantially in recent years to provide a 
therapeutic solution. Tissue-engineered cartilage is ac- 
tively being pursued due to the limitations of available 
treatments to repair cartilage defects. The use of xeno- 
geneic porcine cells or tissues for tissue engineering 
may lead to further advances and broaden its clinical 
application, but immunological hurdles need to be 
identified and addressed appropriately for each type of 
tissue. To gain insight into the mechanism of xenoge- 
neic cartilage rejection, we first studied die contribu- 
tion of CD4 + T cells in wild-type mice grafted with 
porcine cartilage. CD4 + -T cell depletion demonstrated 
that the elicited anti-pig antibody response is T cell 
dependent in wild-type mice. The grafts showed a 
dramatic reduction in the amount of cellular immune 
infiltrate, particularly monocytes/macrophages. These 
observations agree with previous reports identifying a 
critical role of CD4 + T cells in rejection of other 
xenogeneic tissues. Rejection of xenografts is known to 
be predominantly a Th2 response, and our results 
indicate that a T cell-mediated humoral response plays 
a role in rejecting porcine cartilage. We believe that 
several mechanisms that lead to delayed xenograft 
rejection in solid organs are common to the rejection 
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Figure 2. Flow cytometric analysis of anti-PAC antibody reac- 
tivity in sera from Gal KO mice transplanted with control 
(CN) or HT AT20 transgenic grafts (HT). IgM (A, Q and IgG 
(B, D) reactivity of 10% heat-inactivated sera to control (A, B) 
and HT PAC (C, Z>) is shown as mean of mean FU fluores- 
cence intensity. Results correspond to 5 nontransplanted 
mice (No T), 2 mice grafted with control or HT grafts for 2.5 
wk, 7 mice grafted with control or HT grafts for 5 wk, and 6 
mice grafted with control or HT grafts for 10 wk. Error bars 
indicate the standard error of the mean. 
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process of xenogeneic cells and tissues. The Galotl,3- 
Gal andgen is the major xenoantigen in porcine tissues 
recognized by human natural antibodies. The contri- 
bution of die Galcd,3~Gal antigen to delayed xenograft 
rejection ana delayed tissue rejection is not well estab- 
lished. To address this question, we transplanted con- 
trol or HT transgenic engineered cartilage into Gal KO 
mice. We demonstrated that control cartilage expresses 
Galal,3-Gal antigen whereas its expression is dramati- 
cally diminished in HT transgenic cartilage. Control 
porcine cartilage was rejected in several weeks by a 
prominent cellular immune infiltrate and elevated anti- 
pig and anti-Galod,3-Gal antibody titers. In contrast, 
Gal KO mice receiving die HT cartilage showed a 
markedly reduced immune response, consistent with a 
major role of Galal,3-Gal antigen in mediating delayed 
rejection of tissues. 

To understand the Galal,3-Gal-mediated tissue rejec- 
tion process, we need to keep in mind how the anti- 
Gaial,3-Gal antibody response is generated in Gal KO 
mice. The anti-Galal,3-Gal IgM response is indepen- 
dent of T cell help, but Galcd,3-Gal binding B cells that 
recognize glycoproteins containing this antigen need 
to bind to T cells for further activation and isotype 
switching. We have observed an increase in the quantity 
of Galal f 3-Gal binding B cells in spleen of control 
grafted mice, but not in Gal KO mice receiving HT 
grafts. An increase in this population of B cells has been 
described in Gal KO mice immunized with Galal,3-Gal- 
containing antigens. Moreover, these cells are major 
producers of anti-Galal,3-Gal IgM antibodies. As there 
was no anti-Galal,3-Gal antibody response of either 
IgM or IgG subtypes in the HT-grafted Gal KO mice, 
the response was most likely absent due to insufficient 
Galal,3-Gal-mediated B cell activation. Furthermore, 
the anti-pig antibody response was markedly reduced in 
this cohort. Apart from Galotl,3-Gal, no other carbohy- 
drates seemed to play a major role in the elicited IgM 
response in this animal model. The lower anti-pig IgG 
antibody response of the HT-grafted Gal KO mice 
could be explained by a decreased presentation of 
xenoantigens to T cells. Our results imply that the 
Galcd,3-Gal binding B cells play a role as antigen- 
presenting cells that amplify the T cell response. In 
summary, different pathways may have contributed to 
die survival of the HT grafts in the Gal KO mice. First 
is a reduction in natural antibody reactivity, as we 
determined a decrease in Gal KO-mouse XNA deposi- 
tion on HT PAC relative to control cells. Second, the 
anti-Galal,3-Gal antibody response was eliminated and 
the anti-pig antibody response was reduced. A concom- 
itant decrease in complement activation and antibody- 
dependent cell-mediated cytotoxicity would also be 
expected. Other mechanisms such as reduced cell 
interactions to HT grafts by NK cells and macrophages 
due to specific carbohydrate recognition may have 
played a role, but those direct cellular reactions remain 
to be elucidated in Gal KO mice. 
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Figure 3. Schematic diagram summarizing die process of 
xenogeneic porcine cartilage rejection. The dramatic effect 
of depleting CD4" 1 " T cells on porcine graft survival in 
wild-type mice suggests this is mainly a T cell-mediated 
rejection process. In Gal KO mice receiving nontransgenic 
porcine cartilage, the rejection is amplified by a Galal,3-Gal 
(aGal) -mediated response. The marked reduction in 
Galocl ( 3-Gal antigen expression in HT transgenic cartilage 
grafts is sufficient to abrogate Galal,3-Gal-mediatcd immune 
rejection in Gal KO mice. 

Our observations have clear relevance to the pig-to- 
human clinical setting, although there are probably 
differences to be considered. In some cases, the human 
system has been better characterized than the mouse. 
We have observed that transgenic expression of HT 
decreases human NK cell-mediated cytolysis of fibro- 
blasts and monocyte cell adhesion to PAC. To evaluate 
these effects, this strategy should ultimately be tested in 
a primate model. Neverdieless, our results are consis- 
tent with those of Stone et aL, where porcine cartilage 
was treated with a-galactosidase to remove the Galal,3- 
Gal antigen and transplanted into Cynomolgus mon- 
keys. However, they observed no reduction in the 
anti-pig antibody titers relative to control-cartilage re- 
cipients. Our approach is advantageous because it does 
not involve treatment of the tissue and prevents the 
cells from producing more Galal,3-Gal antigen. It is 
also preferable to other strategics based on . modifying 
the recipient. We believe that expression of HT by 
genetic engineering of the animal donor has real 
potential for contributing to xenograft acceptance in 
cell- and tissue-based clinical applications. Numerous 
applications may benefit from combining the progress 
in the fields of tissue engineering and xenotransplan- 
tation. Porcine cartilage either as cartilage plugs, in 
vitro engineered with/without scaffolds, or isolated 
chondrocytes injected with hydrogels could be used for 
orthopedic and reconstructive surgery. Here we show 
that reduction of die Galod,3-Gal andgen on cartilage 
tissue by high expression of HT inhibits the elicited 
antibody response and delays rejection. Additional ge- 
netic modifications of the donor tissues designed to 
inhibit the cellular immune responses may eventually 
eliminate the need of immunosuppression. gj] 
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TRANSGENIC EXPRESSION OF HUMAN 
al,2-FUCOSYLTRANSFERASE (H-TRANSFERASE) PROLONGS 
MOUSE HEART SURVIVAL IN AN EX VIVO MODEL OF 

XENOGRAFT REJECTION 

Chao-Guang Chen, Evelyn J. Salvaris, Margarita Romanella, Atousa Aminian, 
Marina Katerelos, Nella Fisicaro, Anthony J. F. d'Apice, and Martin J. Pgause 1 ' 

Immunology Research Centre, St. Vincent's Hospital, Melbourne, Victoria, Australia 

Background. The expression of human al,2-fucosyl- and in vivo studies that the binding of naturally occurring 
transferase (H-transferase, HT) has been proposed as xenoantibodies to the disaccharide, galactose-ofl,3-galactose 
an alternative strategy to al,3-galactosyltransferase (Qal) on vascular endothelium of the xenograft is a key me- 



(GT) gene knockout, which is not currently feasible in 
pigs, to reduce the galactose-al,3-galactose (Gal) 
epitope expression. HT expression has recently been 
shown in transgenic mice and pigs to significantly 
reduce Gal expression on a variety of cells; however, 
its ability to do so on endothelial cells and its effec- 
tiveness at prolonging xenograft survival are yet to be 
determined. 

Methods, HT-transgenic, Gal knockout (Gal KO) 
mice, and mice containing both genetic modifications 



diator of xenograft rejection and, therefore, that elimination 
of this interaction will be highly beneficial to overcoming 
HAR (3-8). The strategies that have been proposed to 
achieve this goal can be broadly classified as recipient or 
donor directed (reviewed in 9). The disadvantages of the 
former are that they are temporary and, in general, rely on 
transient depletion to achieve long-term xenograft survival. 
Furthermore, they impose an additional "therapeutic bur- 
den" on the recipient. These limitations have prompted the 
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(HT-transgenic/Gal KO) were tested for H-substance development of genetic-based strategies to eliminate or re- 



and Gal expression on splenocytes and endothelial 
cells by flow cytometric analysis* In addition, the 
hearts of these mice were perfused ex vivo with 6% 
human plasma, and the effect on cardiac function was 
determined. 

Results and Conclusion. H-substance expression was 
detected on both splenocytes and endothelial cells of 



duce Gal expression on the donor organs. We have previously 
reported the generation of mice in which the ctl,3-galactosyl- 
transferase (GT) gene has been inactivated by homologous 
recombination (Gal KO), resulting in complete elimination of 
Gal expression (20). Hearts from these mice demonstrated a 
significant prolongation in survival compared with wild-type 



HT-transgenic mice. The level of H-substance expres- controls when perfused ex vivo with human plasma UI). 



sion was not affected by the presence or absence of GT 
in the cells, consistent with HT being dominant over 
GT. The ability of HT expression to reduce Gal expres- 
sion was highly variable depending on the cell type. 
Gal expression on splenocytes was almost completely 
eliminated, whereas on endothelial cells, substantial 
Gal remained despite a 70% reduction. When perfused 
ex vivo with human plasma, hearts from HT-trans- 
genic, Gal KO, and HT-transgenic/Gal KO mice demon- 
strated a similar prolongation in survival, compared 
with wild-type controls. Therefore, as far as hyper- 
acute rejection is concerned, HT expression may be as 
effective as Gal KO in protecting against xenoantibody 



However, it is currently not possible to generate Gal KO pigs 
because porcine ES cells, which are critical for this technol- 
ogy, are not yet available. Consequently, enzymatic remod- 
eling using readily available pig transgenic technologies has 
been proposed as an alternative strategy to modulate the 
expression of the Gal epitope (12, 23). Transgenic mice and 
pigs expressing human al,2-fucosyltransferase (HT), an en- 
zyme which has the same substrate specificity ClV-acetyllac- 
tosamine) as GT, have been generated by a number of groups 
and demonstrated significantly reduced Gal expression (14- 
17). However, none of the studies performed to date have 
examined the ability of HT to suppress Gal expression on 



and complement mediated injury. However, the effect endothelial cells or the effectiveness of this strategy at pro- 
of residual Gal on non-hyperacute rejection responses longing xenograft survival. In this study, cardiac endothelial 
remains to be determined. ce U s were isolated from HT-transgenic mice, and the effect on 

Gal epitope expression was examined. In addition, the func- 

The transplantation of pig organs to humans is currently t i ona i e fiEect of HT expression was studied using an ex vivo 

regarded as a possible solution to the chronic shortage of heart perfusion model and compared with complete elimina- 

human donor organs available for transplantation. However, ti<jn of Gal by geae i nac ti V ation (Gal KO). 
at present xenografts invariably fail due to hyperacute rejec- 



tion (HAR*) (2, 2). It is now clear from a variety of in vitro 

1 Address correspondence to: Dr. Martin J Pearse, Immunology 
Research Centre, St. Vincent's Hospital, Fitzroy, 3065, Victoria, Aus- 
tralia. 

* Abbreviations: FACS, fluorescence-activated cell sorter; FITC, 
fluorescein isothiocyanate; Gal, galactose-ocl,3-galactose; GS-IB 4 , 
Griffonia simplieifolia I-B 4 lectin; GT, al,3-galactosyltransferase; 



MATERIALS AND METHODS 

Generation of experimental animals. The generation of HT trans- 
genic mice, in which human HT cDNA is expressed under the control 
of the murine H2K b promoter, has been previously described (25). 

HAR, hyperacute rejection; HT, H-transferase; KO, knockout; MCF, 
mean channel fluorescence; UEA, Ulex Europaeus agglutinin lectin; 
WT, wild type. 
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1 ue generation of al,3 galactosyltransferase Gal KO mice by homol- 
ogous recombination has also been described (10). The two mouse 
lines were crossed, and HT=/GT r progeny were backcrossed with 
either wild-type or Gal KO mice to generate four test groups of mice 
with genotypes: HT~ / ~/GT"* / * TO KT^VGT^ (HT-transgenic), 
HT" '"/GT" 7- (Gal KO), and HT'^/GT" 7 " (HT-transgenic/Gal KO), 
respectively. The genotypes of the mice were determined by PCR and 
flow cytometric (fluorescence-activated cell sorter, FACS) analysis as 
described previously {10, 15). All of the HT-transgenic mice used 
v ere hemizygous for the HT transgene. 

FACS analysis of splenocytes. Single cell splenocyte suspensions 
obtained by sieving were incubated in 0.9% NH 4 C1 solution at 42°C 
for 5 min to lyse red blood cells and centrifuged. Cells were fixed in 
4% paraformaldehyde on ice for 5 min, washed twice in Hanks' 
balanced salt solution (Sigma, St. Louis, MO), and then incubated 
with fluorescein isothiocyanate (FITC) conjugated Griffonia sim- 
plicifolla I-B 4 lectin (GS-IB 4 ) (20 pig/mi, Sigma) or Ulex Europaeus 
agglutinin lectin (UEA) (20 ptg/ml, Sigma) on ice for 30 min. Cells 
v ere washed twice with phosphate-buffered saline and analyzed 
vith a FACSCalibur (Becton Dickinson, Sunnyvale, CA). 

Preparation and FACS analysis of cardiac endothelial cells. 
Hearts were excised, dissected into small pieces, and then incubated 
in a solution containing Dispase n (1.8 U/ml, Boehringer Mannheim 
GmbH, Mannheim, Germany), DNase (Boehringer Mannheim, 0.5 
mg/ml), and 1% heat-inactivated fetal calf serum at 37°C for 2 hr. 
The tissue fragments were then digested at 4°C overnight with 2 
mg/ml of collagenase B (Boehringer Mannheim) in Dulbecco's mod- 
ified Eagle's medium/20% heat-inactivated fetal calf serum. The 
. esultant cell suspension was washed twice in Hanks' balanced salt 
solution and incubated sequentially with rat anti-mouse PECAM-1 
antibody (a gift from Dr. R. Boyd, Monash University, Melbourne, 
Australia), biotinylated goat anti-rat IgG (1/100; Rockland Gilberts- 
vilie, PA), and finally Streptavidin Tricolor (1/200; Caltag Laborato- 
ries,' San Francisco, CA) and FITC-labeled GS-IB 4 or UEA lectins. 
Controls included unstained cells and cells stained with Tricolor in 
the absence of primary reagent. Endothelial cells were gated using 
fluorescence 3 for PECAM-1 expression and analyzed for Gal and 
Ti-substance expression using fluorescence 1. 

Preparation of human plasma and perfusion buffer. Human 
plasma was prepared from normal blood donors, aliquoted, and 
stored at -70°C. On the day of the perfusion experiment, aliquots of 
plasma from three separate donors were thawed slowly, pooled, 
filtered through a 0.22-/im filter (MilUpore Corp., Milford, MA), and 
stored on ice until required. All plasma preparations were routinely 
tested for classical complement pathway activity by standard meth- 
ods (18). The perfusion buffer (modified Krebs-Henseleit) consisted 
of 118 mM NaCl, 25 mM NaHC0 3 , 4.7 mM KCl, 1.2 mM MgS0 4 , 2.5 
mM CaCla, 11 mM glucose, 1.2 mM KH 2 P0<, and 0.25% (w/v) bovine 
serum albumin at pH 7.4. The perfusion buffer was prepared fresh 
each day and filtered (0.22 /jM) prior to use. Throughout the exper- 
iments, the buffer was maintained at 37*C and gassed continuously 
with a mixture of 95% O^S% CO a . 

Ex vivo mouse heart perfusions. Perfusion of mouse hearts with 
human plasma was performed essentially as described by Romanella 
et aL (18). Briefly, mice were anesthetized with pentobarbitone so- 
dium, and the heart was surgically removed and immersed in 20 ml 
of ice-cold perfusion buffer containing heparin (140 IU, Sigma) to 
arrest cardiac activity. Hearts were then attached to a 19-gauge 
cannula via the aortic root, connected to the perfusion apparatus, 
and perfused in a retrograde manner at a pressure of 80-100 mmHg. 
Hearts were perfused with perfusion buffer alone for 20 min 
to' stabilize cardiac function, and human plasma was then added to 
the perfusate pool at 5-min intervals to achieve final concentrations 
of 2, 4, and 6%, respectively. Heart rate and force of contraction were 
recorded using MacLab (AD Instruments, Castle Hill, Australia) and 
used to calculate an index of cardiac work, which was expressed as a 
percentage of cardiac work at t =0, defined as the time of first plasma 
addition. 



Immunohistology. Hearts perfused with 6*£ human plasma for 20 
min were removed from the perfusion rig, embedded in OCT, and 
snap-frozen in liquid nitrogen. Sections (4 /iM) were cut and air dried 
onto gelatin-coated slides. The slides were preincubated with Tris- 
buffered saline containing 10% normal sheep serum for 60 min 
before addition of FITC-conjugated rabbit anti-human IgG (1:1000), 
IgM (1:100), or C3c (1:1000) and incubation at room temperature for 
60 min (all antibodies were purchased from DAKO, Carpinteria, CA). 
The slides were washed and incubated with peroxidase-conjugated 
anti-FITC Fab fragments (Boehringer Mannheim. 1:300 dilution) for 
30 min. Peroxidase staining was detected using 3,3'-diaminobenzi- 
dine tetrahydrochloride (Sigma), as the chromogen and sections were 
counterstained with Harris's haematoxylin- The slides were exam- 
ined under a light microscope. 

RESULTS 

Expression of H~ substance on splenocytes and endothelial 
cells of HT-transgenic mice. Splenocytes and endothelial 
cells prepared from HT-transgenic and WT mice were ana- 
lyzed for the expression of H-substance using UEA lectin, 
which is specific for terminal a-L-Fuc residues. As shown in 
Figure 1, splenocytes and endotheUal cells from the HT- 
transgenic mice were positive for UEA, with mean channel 
fluorescence (MCF) values of 44 and 224, respectively. How- 
ever, a direct comparison of MCF levels between endothelial 
cells and splenocytes is not possible due to the major differ- 
ence in cell size between these two populations. 

Effect of HT expression on Gal epitope levels on splenocytes 
and endothelial cells. The effect of H-transferase expression 
on Gal-epitope expression on splenocytes and endotheUal 
cells was examined by staining with GS-IB 4 lectin, which is 
specific for the a-Gal residue. As shown in Figure 2, spleno- 
cytes and endotheUal ceUs from WT mice were positive for 
GS-IB 4 with MCF values of 20 and 302, respectively. As 
expected, splenocytes and endotheUal cells from Gal KO 
mice, which were included as Gal-epitope negative controls, 
reacted very weakly with GS-IB 47 with MCF values of 1 and 
6, respectively (which represent nonspecific background 
staining). With splenocytes from HT-transgenic mice, GS-IB 4 
lectin binding was reduced by greater than 90% to a level 
(MCF: 2) approximating that observed on splenocytes from 
Gal KO mice. HT expression also resulted in a significant 
reduction (70%) in GS-EB 4 bmding to endotheUal cells. How- 
ever, in contrast to splenocytes, endotheUal cells from HT- 
transgenic mice still bound significant levels of GS-IB 4 lectin 



Splenocytes Endothelial Cells 




Relative Fluorescence Relative Fluorescence 

FIGURE 1. FACS profiles of splenocytes and cardiac endotheUal cells 
from HT and WT mice stained with FITC-UEA The mean channel 
fluorescence values are in parentheses. Results presented are repre- 
sentative of three separate experiments. 
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Figure 3. Expression of the H-substance on splenocytes and cardiac 
endothelial cells isolated from HT, HT/KO, and WT mice. Cells were 
stained with FITC-UEA and analyzed with a FACSCalibur, JVsu!i.- J 
presented are representative of three separate experiments. 

transgenic/Gal KO mice were negative for GS-IB 4 , indicating 
complete elimination of the Gal epitope (data not shown). 
FACS analysis using UEA lectin showed that the level of 
H-substance expression on splenocytes and endothelial cells 
from HT-transgenic/Gal KO mice was similar to that de- 
tected on the same cells from HT~transgenic mice with a 
wild-type GT background (Fig. 3). 

Ex vivo heart perfusion. Hearts from HT-transgenic,. Gal 
KO, HT-transgenic/Gal KO, and WT mice were perfused with 
human plasma (6%) on a modified Langendorff perfusion 
apparatus. The cardiac work of hearts from WT mice (n=6) 

-^w- Gal KO 
— tH- HT-transgenic/Gal KO 
— HT-transgenic 
Wild type 



FIGURE 2. (Top) FACS profiles of splenocytes and cardiac endothe- 
lial cells from HT, KO, and WT mice stained with FITC-GS-IB V The 
mean channel fluorescence values are in parentheses. (Bottom) 
Graphic representation of FITC-GS-IB 4 mean channel fluorescence 
values. Results presented are representative of three separate ex- 
periments. 

(MCF; 92), which is 10-fold greater than the level of binding 
to endothelial cells from Gal KO mice. 

Combination of Gal KO and HT expression. To investigate 
the mechanism by which HT expression reduces Gal epitope 
expression, the HT-transgenic mice were crossed with Gal 
KO mice (Gal~'~). Progeny which were heterozygous for both 
the HT transgene and the Gal KO allele (HT" /+ /GT" /4 -) were 
identified by FACS and PGR analysis. These mice were then 
crossed with Gal KO mice, and progeny hemizygous for 
the HT transgene and homozygous for the Gal KO allele 
(HT" /+ /GT _/ ", HT-transgenic/Gal KO) were identified. As 
expected, splenocytes and endothelial cells from the HT- 




2% 4% 6% 
Human Plasma 



Time (min) 



Figure 4. Ex vivo perfusion. Hearts from HT-transgenic, Gal KO, 
HT-transgenic/Gal KO and wild-type mice were perfused with hu- 
man plasma. Work performed by the hearts was calculated as the 
product of the rate and force of contraction. Data are expressed as 
the percentage of work at the point shown compared with maximal 
work at t=0 (denned as the time of the first plasma addition). 
Results presented as mean ± SEM, n-6 in each group. The time 
points at which human plasma was added are indicated (arrowhead). 
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drooped sharply to below 10% of maximum heart work cell-specific intercellular adhesion molecule-2 (20) promoter 
within 20 min of plasma addition. In contrast, hearts from (data not shown), suggesting that there may be 'toxicity* 
HT-transeenic HT-transgenic/Gal KO, and Gal KO mice problems associated with high levels of H-transferasc ,-Npre s . 
5=6 in each 'group) were still functioning at 40-60% of sion. This may be related to the marked distortion in ceU 
maximum after 20-min perfusion, with no significant differ- surface carbohydrate expression that has been observed on 
ence between the three groups (Fig. 4). Furthermore, these cells from HT-transgenic mice, including a signincant redu c . 
hearts continued to function at approximately 30% of maxi- tion in a2,3-s l alylataon (22). 

mum after 55-min perfusion, at which point the experiment The protective effects of reducing Gal epitope level by H- 
terminated transferase expression were examined usmg a Langendorff 

^Irr^Ltochemistry of perfused hearts. Hearts per- ex vivo perfusion model. As expected the cardiac function of 
fused with 6% human plasma for 20 min were removed from hearts from wild-type mice perfused with ^ human ,] ;l . sma 
the perfusion rig and examined immunologically for the (6%) dropped sharply to below 10% of ongmal activity ^ 
denosX of hiLan Ig and the activated complement com- 20 min of plasma addition^ In contrast the Unction of HT- 
nonent C3c (Fig 5) Hearts from WT mice demonstrated transgenic, Gal KO, and HT-transgemc/Gal KO hearts was 
S sSLng for human IgG, IgM, and C3c (Fig. 5, a, e, and only reduced by 40-60% after 20 mm, and cardiac output 
i) In Gal KO and HT-transgenic/Gal KO hearts, there was a was maintained at approximately 30% in all three groups 
marked reduction in IgG, IgM, and C3c deposition, in partic- after 55 min, the point at which the experiment was term.- 
3ar on ie endotheliuln of large blood vessels (Fig. 5, c-1). A nated. In comparison the cardiac ou put of control w^d-type 
~n*r Sel of reduction in IgM and C3 deposition was also hearts perfused with Krebs-Henseleit buffer alone dropped to 
oterod^ ^HT-transgenicheaVts (Fig. 5, f and j); however, in about 60% of maximum within the same period of time .data 
coXst to bo* groups of Gal KO mice, there was little or no not shown), which represents the "natural" deterioration in 
reSon in huiSn IgG deposition (Fig. 5b). As expected, no cardiac function resulting from the ex vivo perfusion prpce- 
sSSfoHgG.IgM orCScwasobservedinheartsperfused dure. Immunohistochemical exa^ ion of hearts postper- 
w^oSedKrebs^enseleit buffer alone, which were in- fusion demonstrated a marked «*^>?^ W 
eluded as a negative control (data not shown, ^ 

DISCUSSION far as HAR is concerned, the results of the present study 

Transgenic expression of human H-transferase is currently would suggest that the H-transferase expression is as effec- 
vie^eTS^e^ost feasible strategy to reduce Gal epitope tive as Gal KO in P-^. a ^^~^^ 
expression in pigs. This strategy has been shown to signifi- and complement mediated ^nryj^heflier this is also the 
SrX rSTe g5 expression on a variety of cells in trans- case in pigs where greater than 90% of human -enoanhbody 
^c m£ Sd^?4-I7). However, its ability to do so on reactivity is directed at the Gal epitope compared with 50- 
eSth^al"Ss P a?d £ effectiveness a't prolonging xenograft 60% in mice ill), remains to be defc ~L It *or***» 
, , ^ De determined what contribution the residual Uai 

"^SX we tSSSS the capacity of H-trans- e^pes, which may induce high litre antral antibody re 
f££Z Sdu^ etSope expression is cell type depen- spouses in the recipient (22) and the exposed crypt aniens 

Gal expression was reduced by (21) will make to post-HAR rejection mechanisms such as 
Ster^nan t%T^ro™nSely background levels. In antibody-dependent cellular cytotoxicity. ^ 
East Gal expression on cardiac endothelial cells was only currently being addressed using a cardiac transplant model 
S^^XoSdatent with the histological observa- in which hearts from HT-transgernc mice are transplanted 
tiot fsol^ Gal KOmicecontaminganU-GalanUbody. 

mice still demonstrated considerable GS-IB 4 reactivity. The 

explanation for the partial reduction on endothelial cells is 

not obvious. One possibility is that al,3-galactosyltrans- 

ferase enzyme activity is higher in endothelial cells than in 

splenocytes- Alternatively, the relative ordering of <xl,3- 

galactosyltransferase and H-transferase in the Golgi may be 

different in endothelial cells compared with other cells (15), 

such that H-transferase is not dominant over o£l,3-galacto- 

syltransferase. However, these explanations seem to be un- 
likely because the level of H-substance expression on both 

splenocytes and endothelial cells was the same in both HT- 
transgenic and HT-transgenic/Gal KO mice. Another possible 

explanation is that compared with splenocytes, endothelial 

cells contain more substrate CAT-acetyUactosamine), which 

cannot be fully utilized by H-transferase at the level ex- 
pressed in the transgenic line studied. This being the case, 

the obvious solution would be to use promoters that would 

give a higher level of HT expression. However, to date we 

have been unable to generate homozygous mice from this line 

of HT-transgenic mice or produce transgenic mice expressing 

high levels of H-transferase using the strong endothelial 
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t> i/« AUhoneh the mouse anti-rat monoclonal anti- 
boS £ CT% aid CD^ did not significantly prolong 

anti-mouse ^^^^X^entof theanti^onor 
SSKSSSS S deposition of C3 IgM, 

rc S3en presentation .^Jfc»££^2X 
and CD86 pathway on host APC plays a crucial roi 
concordant cardiac xenograft rejection. 

The increasing problem of the shortage of donor organs has 
led to a revisal of interest in xenotransplantation (I). Xe 




This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

jfi BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



